Incipient motion of streambeds by Shvidchenko, Audrey B.
Glasgow Theses Service 
http://theses.gla.ac.uk/ 
theses@gla.ac.uk 
 
 
 
 
Shvidchenko, Audrey B. (2000) Incipient motion of streambeds. PhD 
thesis. 
 
 
http://theses.gla.ac.uk/2550/ 
 
 
 
 
 
Copyright and moral rights for this thesis are retained by the author 
 
A copy can be downloaded for personal non-commercial research or 
study, without prior permission or charge 
 
This thesis cannot be reproduced or quoted extensively from without first 
obtaining permission in writing from the Author 
 
The content must not be changed in any way or sold commercially in any 
format or medium without the formal permission of the Author 
 
When referring to this work, full bibliographic details including the 
author, title, awarding institution and date of the thesis must be given 
 c, 
ýERitASJe" 
UNIVERSITY 
of 
GLASGOW 
Department  of  Civil  Engineering 
Incipient  Motion  of  Streambeds 
by 
Audrey  B.  SHVIDCHENKO 
Thesis  submitted  to  the  University  of  Glasgow 
in  candidacy  for  the  degree  of 
Doctor  of  Philosophy 
GLASGOW 
THE  UNITED  KINGDOM 
September  2000 
©  Andrey  B.  SHVIDCHENKO,  2000 To  my  parents 
ý::  - 
'ý'=' Declaration 
I  declare  that  this  thesis  is  a  record  of  the  original  work  carried  out  solely  by 
myself  in  the  Department  of  Civil  Engineering  at  the  University  of  Glasgow,  United 
Kingdom,  during  the  period  of  October  1997  to  September  2000.  The  copyright  of  this 
thesis  therefore  belongs  to  the  author  under  the  terms  of  the  United  Kingdom  Copyright 
Acts.  Due  acknowledgement  must  always  be  made  of  the  use  of  any  material  contained 
in,  or  derived  from,  this  thesis.  The  thesis  has  not  been  presented  elsewhere  in 
consideration  for  a  higher  degree. 
Andrey  B.  Shvidchenko 
September  2000 
111 Acknowledgements 
I  would  like  to  express  my  sincere  gratitude  to  Dr  G.  Pender  for  his  supervision, 
support  and  encouragement  during  my  period  of  research.  I  am  grateful  to  Prof  N. 
Bicanic,  Head  of  the  Department  for  the  provision  of  considerable  experimental 
facilities.  I  also  thank  Prof  D.  A.  Ervine,  Prof  R.  Bettess  (Hydraulics  Research  Ltd, 
Wallingford,  U.  K.  ),  and  Dr  T.  B.  Hoey  (Department  of  Geography  and  Topographic 
Science,  University  of  Glasgow)  for  helpful  discussions  of  ideas  and  research  results. 
Further  thanks  are  due  to  Mr  K.  McColl,  Mr  S.  McLean  and  Ms  J.  McCulloch  for  the 
assistance  with  computing  and  experimental  facilities,  and  Mr  T.  Montgomery  and  Mr 
W.  Henderson  for  their  technical  support. 
My  research  in  Glasgow  was  supported  financially  by  a  University  of  Glasgow 
scholarship  and  an  Overseas  Research  Student  Award  from  the  Committee  of  Vice- 
Chancellors  and  Principals  of  the  Universities  of  the  United  Kingdom,  which  is  greatly 
appreciated.  The  experimental  work  undertaken  at  Hydraulics  Research  Ltd, 
Wallingford,  U.  K.  (HR  Wallingford)  was  supported  by  an  EU  Human  Capital  and 
Mobility  Program  grant  and  by  HR  Wallingford  Ltd,  for  which  I  am  also  very  grateful. 
A  part  of  research  concerned  the  development  of  a  computer  model  for  graded  sediment 
transport  was  funded  by  an  Engineering  and  Physical  Science  Research  Council  grant. 
Computer  software  ISIS  Flow/Sediment  and  training  in  its  use  was  provided  by 
Halcrow  Group  Ltd,  U.  K. 
The  data  on  sediment  transport  made  available  by  Prof  A.  E.  Peterson  (University 
of  Alberta,  Edmonton,  Canada),  Prof  M.  Church  (University  of  British  Columbia, 
Vancouver,  Canada),  and  Prof  R.  Bettess  (HR  Wallingford  Ltd)  is  also  acknowledged. 
Finally,  my  deepest  gratitude  to  my  wife  Irina  for  her  understanding  and  patience, 
and  to  my  daughter  Tanya  and  son  Boris  whose  being  provided  me  with  great  moral 
support. 
iv Abstract 
Results  of  an  experimental  study  of  the  incipient  motion  of  streambeds  are 
reported.  The  experiments  were  conducted  in  an  8m  long,  0.30  m  wide  by  0.30  m  deep 
glass-walled  tilting  flume  and  an  18  m  long,  0.80-1.10  m  wide  by  0.15  m  deep 
trapezoidal  concrete  channel.  The  purpose  of  the  experiments  was  to  determine  flow 
conditions  associated  with  the  initiation  of  bed  sediment  motion  and  to  investigate  near- 
to-threshold  bedload  transport.  Uniform  and  graded  natural  sands  and  gravels  were  used 
as  bed  material. 
A  new  approach  to  the  description  of  critical  state  of  the  bed  based  on  the  intensity 
of  sediment  motion,  or  transport  intensity,  is  proposed.  This  approach  describes  the  state 
of  the  streambed  mobility  in  terms  of  the  fraction  of  bed  particles  mobilized  in  unit 
time,  which  eliminates  the  subjectivity  in  defining  threshold  conditions  and  provides  a 
probabilistic  description  of  the  process  of  sediment  entrainment. 
On  the  basis  of  the  flume  data  obtained  for  uniform  sediment,  a  relationship 
between  the  intensity  of  particle  motion  and  sediment  transport  rate  is  established.  This 
relationship  allows  any  measured  transport  rate  to  be  expressed  in  terms  of  the 
probability  of  sediment  entrainment. 
The  experiments  reveal  that  critical  bed  shear  stress  for  incipient  motion  of 
uniform  sediment  depends  not  only  on  the  grain  size,  but  also  on  the  bed  slope.  This  is 
explained  by  the  effect  of  relative  depth  (depth  to  grain  size  ratio)  on  overall  flow 
resistance.  It  is  also  shown  that  the  value  of  critical  dimensionless  bed  shear  stress  is  not 
constant  for  rough  turbulent  flow,  as  is  usually  assumed,  but  gradually  reduces  for 
coarser  gravel.  The  same  conclusion  follows  from  the  measurements  of  turbulence 
characteristics  near  the  bed.  A  revised  Shields  diagram  relating  critical  stress,  grain 
Reynolds  number  and  bed  slope  is  derived  for  different  intensities  of  sediment  motion 
(or,  alternatively,  different  probabilities  of  sediment  entrainment).  The  experimental 
results  are  formalized  to  provide  a  generalized  method  for  calculating  the  bedload 
transport  rate  and  critical  Shields  stress  of  coarse  uniform  sediments. 
The  experiments  with  graded  sediment  demonstrate  that  incipient  motion  of 
individual  size  fractions  within  a  mixture  is  controlled  by  their  relative  size  with  respect 
to  median  size,  mixture  median  size,  and  sediment  sorting.  The  present  findings  are 
consistent  with  the  available  flume  and  field  data.  It  also  appears  that  the  shear  stress  at 
Abstract  v incipient  motion  of  median-sized  particles  in  relatively  narrow  graded  mixtures  is  the 
same  as  for  uniform  sediment  of  the  same  size.  For  mixtures  with  a  wide  grading,  the 
critical  shear  stress  of  median-sized  particles  is  higher  compared  to  uniform  sediment. 
This  is  explained  by  the  siltation  effect  reducing  the  overall  mobility  of  the  bed 
material.  A  technique  for  calculating  the  transport  rate  and  critical  shear  stress  of 
individual  size  fractions  within  a  graded  sediment  is  proposed. 
As  entrainment  and  motion  of  bed  particles  is  largely  controlled  by  the  flow 
turbulence,  a  complementary  experimental  study  of  the  turbulent  structure  of  open- 
channel  flow  over  a  mobile  gravel  bed  was  undertaken  in  an  8m  long,  0.3  m  wide  by 
0.3  m  deep  tilting  flume.  A  flow  visualization  technique  was  used  and  complemented  by 
measurements  of  flow  velocity  fluctuations  near  the  bed.  The  experiments  reveal  that 
turbulent  flow  can  be  viewed  as  consisting  of  a  sequence  of  large-scale  eddies  with  a 
vertical  size  close  to  the  flow  depth,  an  average  length  equal  to  4-5  depths,  and  a  width 
of  about  two  depths.  The  downstream  motion  of  these  eddies  causes  quasi-periodic 
fluctuations  of  the  local  flow  velocity  components.  The  development  of  longitudinal 
troughs  and  ridges  on  the  mobile  bed  and  preferential  transport  of  bed  particles  along 
the  troughs  could  be  related  to  the  effect  of  the  turbulent  eddies.  The  experimental 
results  indicate  that  the  depth-scale  eddies  are  an  important  turbulence  mechanism 
contributing  to  bed  sediment  mobilization. 
The  relationships  derived  for  predicting  fractional  transport  rates  in  sediment 
mixtures  are  implemented  in  a  hydrodynamic  simulation  package  ISIS  Flow/Sediment 
and  tested  on  the  experimental  graded  sediment  transport  data.  It  is  shown  that  the 
proposed  model  of  bedload  transport  significantly  improves  the  results  of  the  simulation 
compared  to  the  available  sediment  transport  formulas  and  shows  reasonable  agreement 
with  the  actual  data. 
The  data  obtained  have  implications  for  the  calculation  of  sediment  transport  rates, 
design  of  stable  alluvial  channels,  and  physical  hydraulic  modelling.  Further  work  on 
sediment  transport  mechanics  is  suggested  proceeding  from  the  results  of  the  present 
study. 
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Introduction 
"The  sediments  are  a  sort  of  epic  poem  of  the  Earth.  " 
(Rachel  Carson) 
"Researchers  have  already  cast  much  darkness  on 
the  subject,  and  if  they  continue  their  investigations 
we  shall  soon  know  nothing  at  all  about  it.  " 
(Mark  Twain) 
1.1  Problem  Statement 
Determination  of  critical  or  threshold  flow  conditions  for  incipient  motion  of 
streambeds  is  of  considerable  interest  to  river  engineers.  Related  engineering  problems 
include  the  calculation  of  sediment  transport,  prediction  of  the  processes  of  selective 
sorting  and  bed  armouring,  stable  channel  design,  river  regulation  and  restoration, 
operation  of  canal  systems,  protection  against  erosion  and  scour,  predicting  the  effects 
both  upstream  and  downstream  of  dam  construction,  flushing  flows,  determining  the 
effect  of  river  training  works,  choosing  suitable  sites  for  river  crossings  and  water 
intakes,  and  the  assessment  of  aquatic  habitat. 
Incipient  motion  of  bed  sediment  has  been  extensively  investigated  for  almost  a 
century.  A  vast  quantity  of  experimental  data  has  been  collected  in  laboratory  flumes 
and  rivers.  Unfortunately,  as  is  often  the  case  when  additional  data  is  collected,  they  do 
little  more  than  add  scatter  to  the  original  graphs  and  diagrams.  Instead  of  clarifying  the 
subject,  each  additional  investigation  often  only  complicates  matters  and  increases 
uncertainty  of  the  experimental  results. 
The  present  state  of  knowledge  on  threshold  conditions  of  uniform  sediments  is 
illustrated  in  Figure  1.1.  This  shows  the  well-known  Shields  (1936)  diagram  relating  the 
critical  value  of  dimensionless  bed  shear  stress  to  grain  Reynolds  number.  Some  data 
collected  by  different  researchers  for  natural  uniform  sediments  (compiled  by 
1  Introduction  1 Buffington  and  Montgomery  1997)  are  also  shown  on  Figure  1.1.  It  is  seen  that  the 
scatter  of  the  experimental  data  is  significant  and  is  hardly  acceptable  for  practical  use. 
Differences  among  the  various  studies  in  Figure  1.1  may  be  caused  by  a  variety  of 
reasons.  These  include  subjectivity  in  defining  the  beginning  of  sediment  movement, 
differences  in  experimental  conditions,  the  effect  of  sediment  non-uniformity, 
differences  in  grain  shape,  the  effect  of  the  fluid  turbulence,  ignoring  the  influence  of 
friction  from  the  flume  sides,  and  effect  of  relative  depth  (depth  to  grain  size  ratio). 
Although  these  factors  have  been  recognised  and  discussed  in  the  literature  (Gessler 
1971,  Miller  et  al.  1977,  Buffington  and  Montgomery  1997),  their  influence  on 
sediment  threshold  has  not  been  systematically  examined. 
The  complexity  of  the  problem  has  resulted  in  a  number  of  methods  for  predicting 
the  threshold  of  bed  sediment  movement  being  proposed.  These  are  presented  in  the 
form  of  equations,  graphs,  or  tables,  and  relate  different  critical  flow  characteristics 
(velocity,  shear  stress,  stream  power,  and  water  discharge),  associated  with  the  initiation 
of  bed  sediment  transport,  to  physical  properties  of  sediment  (size,  density,  and  sorting) 
(e.  g.,  Graf  1971,  Karaushev  1977,  Garde  and  Ranga  Raju  1987,  Carson  and  Griffiths 
1985,1987).  However,  all  the  existing  methods  are  limited  in  their  application  and 
usually  give  satisfactory  results  only  for  the  data  from  which  they  were  derived.  When 
applied  to  the  same  data,  the  results  from  the  different  prediction  methods  can  be  wide 
ranging.  An  example  is  given  in  Figure  2.1.  This  shows  a  comparison  of  different 
formulas  for  critical  bed  shear  stress  made  by  Chien  (1956).  Obviously,  the  range  of  the 
calculated  results  in  Figure  2.1  is  too  wide  for  design  practice.  The  design  engineer 
often  faces  the  dilemma  of  selecting  the  most  appropriate  formula  for  his  specific  needs. 
At  best  the  existing  formulas  serve  as  guides  to  planning  and  usually  the  engineer  is 
forced  to  rely  heavily  on  experience  and  judgment  in  such  work. 
Most  of  the  experimental  studies  conducted  were  devoted  to  reasonably  uniform 
sediment.  Natural  sediments,  however,  are  usually  composed  of  mixed-size  particles, 
and  their  behaviour  differs  from  that  of  the  beds  composed  of  uniform  sediment.  It  is 
now  generally  accepted  that  sediment  fractions  in  a  mixture  do  not  behave 
independently.  Available  studies  of  incipient  motion  of  graded  sediment  have 
demonstrated  that  the  effect  of  a  mixture  of  grain  sizes  is  to  reduce  the  mobility  of  the 
smaller  particles  due  to  their  sheltering  by  coarser  grains,  and  to  increase  the  mobility  of 
the  larger  grains  due  to  their  increased  exposure  and  instability,  as  compared  to  a 
uniform  sediment  of  the  same  size  (e.  g.,  Richards  1990,  Gomez  1995,  Komar  1996, 
1  Introduction  2 Powell  1998).  However,  opinions  differ  on  the  entrainment  mobility  of  different  sizes 
within  a  mixture.  There  are  some  field  and  laboratory  studies  which  have  demonstrated 
that  entrainment  of  different  sizes  in  sediment  mixtures  is  dominated  by  strong  relative 
size  effects  where  most  sizes  begin  to  move  at  about  the  same  shear  stress  (Parker  and 
Klingeman  1982,  Andrews  1983,1994,  Wilcock  and  Southard  1988).  In  some  cases 
different  degrees  of  size  selective  entrainment  were  observed  (Komar,  1987a,  Ashworth 
and  Ferguson  1989,  Church  et  al.  1991,  Ashworth  et  at.  1992,  Petit  1994,  Wathen  et  al. 
1995,  Wilcock  and  McArdell  1997).  Apparently,  mobility  of  individual  fractions  is 
related  to  the  range  of  sizes  in  a  mixture  and  sediment  size  distribution,  but  the  character 
of  this  relationship  is  not  clear  at  present. 
In  spite  of  the  extensive  research  studies  undertaken  on  sediment  transport 
mechanics,  a  proper,  general  description  of  the  incipient  motion  of  natural  streambeds  is 
not  possible  yet.  Uncertainty  about  the  hydraulic  conditions  required  to  entrain  a  given 
particle  size  remains  large,  especially  for  streams  with  coarse  bed  material.  The  reasons 
for  this  are  the  highly  complex  nature  of  the  bed  sediment  dynamics  in  rivers, 
deterministic  uncertainty  of  the  process  of  sediment  entrainment,  insufficient  knowledge 
of  factors  controlling  sediment  motion,  as  well  as  the  difference  in  research  methods 
and  techniques  used.  Additional  experiments  covering  a  wider  range  of  sediment 
grading  and  flow  conditions  are  needed.  These  should  be  conducted  using  advanced 
measuring  equipment  and  analysis  techniques.  A  single  improved  research  method 
eliminating  uncertainties  of  the  previous  studies  and  providing  comparability  of  data 
from  different  experiments  should  be  used.  Experiments  with  uniform  sediments  should 
be  made  prior  to  studying  the  behaviour  of  graded  sediments  to  provide  a  basis  for 
comparison.  A  combined  experimental  study  of  incipient  sediment  motion  and  flow 
turbulent  structure  is  desirable  to  provide  an  understanding  of  the  effect  of  the  flow 
turbulence  on  bed  material  mobility. 
1.2  Research  Aims 
The  experimental  study  reported  here  was  undertaken  with  the  general  aim  of 
improving  the  understanding  of  the  physical  processes  controlling  the  incipient  motion 
of  streambeds  composed  of  natural  sands  and  gravels,  with  emphasis  on  gravel-bed 
streams.  The  specific  aims  of  the  research  were: 
1  Introduction  3 0  Develop  a  new  approach  to  defining  the  critical  state  of  the  bed  eliminating  the 
subjectivity  and  providing  the  probabilistic  description  of  the  process  of  sediment 
entrainment. 
0  Study  incipient  motion  and  near-to-threshold  transport  of  a  wide  range  of  coarse 
uniform  sediments  in  a  laboratory  flume. 
"  Measure  the  mobile  proportion  of  bed  particles  with  respect  to  the  bed  surface 
population  at  different  flow  strengths. 
0  Study  the  effect  of  bed  slope  and  relative  depth  on  sediment  mobility. 
0  Study  the  bed  features  developed  in  uniform  sediments. 
0  Study  the  turbulent  structure  of  the  flow  over  beds  composed  of  coarse  uniform 
sediment  in  relation  to  the  incipient  motion  of  bed  material. 
0  Reanalyse  the  available  incipient  motion  data  for  uniform  sediment  and  compare 
them  with  the  data  obtained  in  this  study. 
"  Check  the  validity  of  the  Shields  (1936)  threshold  curve  for  uniform  sediment. 
0  Derive  a  revised  threshold  diagram  for  uniform  sediment. 
0  Study  incipient  motion  and  near-to-threshold  transport  of  graded  sediment  with 
different  size  distributions  in  laboratory  flumes. 
0  Study  bed  forms  developed  in  graded  sediments. 
0  Compile  and  reanalyse  available  incipient  motion  data  for  graded  sediment. 
0  Develop  a  method  of  predicting  the  threshold  of  motion  for  individual  size 
fractions  within  sediment  mixtures. 
9  Develop  a  method  of  predicting  incipient  motion  of  median-sized  grains  in 
sediment  mixtures. 
0  Develop  a  computer  code  for  the  calculation  of  graded  sediment  transport  and 
incorporate  it  into  the  existing  mobile  bed  simulation  program  ISIS  Sediment. 
0  Test  the  performance  of  the  modified  ISIS  Sediment  for  simulating  equilibrium 
and  non-equilibrium  graded  sediment  transport. 
The  ultimate  aim  of  the  research  was  to  derive  a  new  method  of  predicting  both 
incipient  motion  and  near-to-threshold  transport  of  natural  uniform  and  graded 
sediment.  This  method  should  be  based  on  the  probabilistic  description  of  the  process  of 
sediment  entrainment  and  should  account  for  the  effect  of  relative  depth  on  sediment 
incipient  motion. 
1  Introduction  4 The  present  research  was  undertaken  not  only  to  study  the  details  of  the 
mechanism  of  sediment  entrainment,  but  also  to  provide  tools  for  practical  calculations. 
The  author  hopes  that  the  research  work  undertaken  is  not  among  those  for  which  the 
words  of  Mark  Twain  (given  at  the  beginning  of  this  chapter)  are  applicable  and  that  it 
is  an  example  of  an  optimistic  view  in  the  generally  difficult  situation  presently 
prevailing  in  sediment  transport. 
1.3  Layout  of  Thesis 
This  thesis  contains  eight  chapters,  the  contents  of  which  are  summarized  below. 
In  Chapter  1,  a  brief  introduction  to  the  problem  is  given,  research  aims  are 
outlined,  and  a  brief  preview  of  the  thesis  chapters  is  provided. 
In  Chapter  2,  a  literature  review  of  incipient  motion  of  uniform  and  graded 
sediments  is  given.  The  most  commonly  used  predicting  methods  are  described,  and 
possible  reasons  for  the  difference  among  the  methods  are  analysed. 
In  Chapter  3,  experimental  programme,  research  facilities,  measuring  equipment, 
and  bed  materials  used  in  this  study  are  described. 
In  Chapter  4,  a  new  approach  providing  a  simple  objective  definition  of  the 
threshold  for  motion  of  uniform  sediment  is  introduced,  experimental  procedure  and 
results  for  uniform  sediments  are  then  presented  and  analysed.  Factors  controlling  bed 
material  entrainment  and  transport  are  investigated.  A  compilation  of  the  present  and 
other  available  data  is  used  to  derive  a  revised  Shields  diagram  for  different  states  of 
bed  mobility.  A  formulisation  of  the  experimental  data  is  also  developed.  Bed  features 
developed  on  the  movable  bed  are  described.  Finally,  conclusions  regarding  incipient 
motion  of  uniform  sediments  are  drawn  from  the  experimental  results. 
In  Chapter  5,  a  research  method  used  to  define  threshold  conditions  and  an 
experimental  procedure  for  graded  sediments  are  described.  Experimental  results 
obtained  for  graded  sediments  and  data  from  other  relevant  studies  are  presented  and 
analysed,  and  factors  influencing  the  behaviour  of  the  entire  sediment  mixture  and 
individual  size  fractions  are  examined.  A  set  of  equations  describing  the  behaviour  of 
graded  sediments  is  derived  and  compared  with  available  field  and  laboratory  data.  Bed 
forms  developed  in  graded  sediments  are  briefly  described.  Then,  conclusions  on  the 
incipient  motion  of  mixed-size  sediments  are  drawn. 
1  Introduction  5 In  Chapter  6,  results  of  flow  visualisation  experiments  and  flow  velocity 
fluctuations  are  presented.  A  strong  effect  of  flow  turbulence  on  bed  particle 
destabilization  and  bed  pattern  developed  is  established.  A  model  of  macroturbulent 
structure  of  open-channel  flow  is  proposed  and  compared  with  data  from  other 
investigations. 
In  Chapter  7,  sediment  transport  relationships  derived  in  this  study  are 
implemented  in  a  hydrodynamic  simulation  computer  program  ISIS  Flow/Sediment. 
The  performance  of  the  modified  program  is  tested  on  graded  sediment  transport  data 
collected  by  Glasgow  and  Aberdeen  Universities  in  the  HR  Wallingford  tilting  flume. 
In  Chapter  8,  a  summary  of  the  conclusions  from  the  research  undertaken  is  given, 
and  some  suggestions  for  future  study  are  also  considered. 
All  the  main  data  measured  during  the  present  experimental  study  are  given  in 
appendices. 
The  results  of  this  study  are  presented  in  a  set  of  conference  and  journal  papers 
(Shvidchenko  1999,  Shvidchenko  and  Pender  2000a,  2000b,  2000c,  and  Shvidchenko  et 
al.  2000). 
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Incipient  Motion  Studies: 
A  Literature  Review 
"Engineering  problems  associated  with  sediment  transport  by 
alluvial  streams  can  be  likened  in  many  respects  to  a  chronic 
skin  disease...  Until  the  profession  becomes  more 
discriminating  in  judging  what  earlier  work  warrants  further 
investigation  and  development 
...  and  brings  more  ingenuity  to 
bear  on  producing  genuinely  new  and  rigorous  approaches  to 
the  problems,  the  sediment  `itch'  will  continue  to  be  the  source 
of  much  irritation  to  hydraulic  engineering.  " 
(Jack  Kennedy) 
Consider  an  open-channel  steady  uniform  flow  over  a  plane  mobile  bed  composed 
of  a  well-packed  granular  material.  For  a  very  small  water  discharge  the  bed  material 
will  be  immobile.  This  flow  condition  is  similar  to  that  over  a  fixed  bed.  However, 
when  water  discharge  is  gradually  increased,  it  will  be  found  that  at  some  stage  bed 
particles  will  start  moving.  Hydraulic  conditions  required  to  initiate  the  motion  of  bed 
sediment  are  referred  as  "critical"  or  "threshold"  flow  conditions.  Numerous 
publications  are  devoted  to  incipient  motion  of  bed  material.  In  the  following  sections, 
the  most  important  and  interesting  studies  from  a  practical  point  of  view  are  reviewed, 
and  the  most  commonly  used  prediction  methods  are  described.  All  the  equations 
throughout  the  thesis  are  given  in  m-kg-s  units.  Possible  reasons  for  discrepancies 
among  the  different  studies  and  methods  are  discussed. 
2.1  Critical  Mean  Velocity 
The  earliest  observations  of  critical  or  threshold  conditions  for  the  initiation  of 
motion  of  sediments  were  reported  in  terms  of  velocity.  The  pioneering  works  on 
2  Incipient  Motion  Studies:  A  Literature  Review  9 determination  of  a  critical  velocity  date  back  as  far  as  the  18th  century.  These  are 
mostly  theoretical  in  character  and  are  summarized  in  Forchheimer  (1914),  Fortier  and 
Scobey  (1926),  and  Heyndrickx  (1948).  The  Hjulstrom  (1935)  curve,  relating  the 
critical  mean  flow  velocity  to  particle  size,  is  probably  the  best  known  of  the  early 
contributions,  though  the  attendant  scatter  in  the  original  data  is  rarely  shown.  This 
curve  is  limited  to  particles  smaller  than  100  mm  and  does  not  account  for  the  flow 
depth. 
Velikanov  (1949)  related  similar  variables  in  the  following  equation: 
Uc  =  9.81  14  d  -+0.05056  (2.1) 
where  UC  is  the  critical  mean  flow  velocity  for  sediment  motion,  and  d  is  the  mean 
grain  size. 
However,  where  the  concept  of  critical  velocity  is  concerned,  it  is  the  near-bed 
velocity  that  really  controls  the  entrainment  of  bed  material,  and  this  varies,  for  fixed 
mean  velocity,  with  depth.  Thus  either  critical  near-bed  velocity  should  be  used  (which 
is  impractical)  or  the  mean  velocity  should  be  corrected  for  the  flow  depth  (or  hydraulic 
radius).  Such  a  correction  has  been  employed  by  most  subsequent  researchers.  For 
example,  Goncharov  (1938)  derived  the  following  formula  for  critical  mean  flow 
velocity: 
0.2 
Uc  =  3.9  R0.2(d+0.0014)°'3 
d  (d,, 
(2.2) 
where  R  is  the  hydraulic  radius,  and  d95  is  the  grain  size  for  which  95%  of  sediment  is 
finer.  The  last  term  in  this  formula  accounts  for  the  effect  of  sediment  non-uniformity 
on  critical  velocity.  According  to  Goncharov  (1938),  this  formula  shows  good  results 
for  d  in  the  range  0.35-60  mm.  This  formula  is  very  popular  in  Russia  and  is  considered 
as  one  of  the  most  reliable. 
Later  Goncharov  (1954)  proposed  another  formula  based  on  flume  tests  with  d  up 
to  10  mm: 
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8.8h  2g  s  ll  d 
d95  3.5 
(2.3) 
where  h  is  the  flow  depth,  g  is  the  gravitational  acceleration,  s=  ps/p  is  the  specific 
density,  ps  is  the  sediment  density,  and  p  is  the  fluid  density. 
Levi  (1957)  deduced  a  formula,  which  reads 
UC=1.4a  gd  (2.4) 
where  a  =1og(12R/dam)  for  R/dam  >_  60,  a=0.8  +  0.67  1og(1OR/dqO  )  for 
10:  5  R/dqO  <  60,  and  a  =1  for  R/dqO  <  10.  The  formula  is based  on  flume  data  with 
uniform  sediments  and  can  be  applied  for  d>1.5  mm.  In  the  case  of  non-uniform 
sediments,  Levi  (1957)  suggests  using  the  correction  procedure  adopted  by  Goncharov 
(1938). 
Shamov  (1959)  proposed  a  relationship  given  by 
UC  =4.4  dU3h''6  (2.5) 
This  relationship  was  originally  derived  from  laboratory  experiments  and  then  verified 
on  field  data  from  sand  and  gravel  rivers.  This  formula  is  applicable  for  d>0.2  mm  and 
is  widely  used  in  Russia. 
Gvelesiani  (1946)  obtained  the  following  formula  for  gravel-bed  rivers  with 
d>1.5mm: 
log 
8.8h 
Uc  =  1.41 
12  d2g2.81 
(2.6) 
log 
d 
95  r1 
Neill  (1967)  conducted  experiments  with  5.0-29.1  mm  uniform  gravel  and 
artificial  balls  in  a5m  long  by  0.9  m  wide  flume,  and  proposed  a  "conservative  design 
curve"  in  the  form 
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2.50 
d  -0.20 
(s-1)g  dh 
(2.7) 
Garde  (1970)  analysed  the  available  data  on  critical  conditions  and  found  that  for 
hydrodynamically  rough  surfaces 
U` 
-  0.50  log 
h 
+1.63 
s-1  gdd 
(2.8) 
Talmaza  and  Kroshkin  (1968)  suggested  the  following  relationship  for  gravel-bed 
rivers: 
U`  -2 
(a  -  1.5)  (ha. 
(a+1)  d  s-1  gd  (2.9) 
where  a=2.24  log(h/d  )-  0.21  [log(h/d  )]2  +  2.52.  This  formula  is  based  on  a  large 
amount  of  field  and  laboratory  data. 
Yang  (1973)  found  that  for  grain  Reynolds  number  Re.  <  70 
UL 
= 
2.5 
+0.66 
VS  1og(Re,  )-  0.06 
(2.10) 
where  V,  is  the  settling  velocity  of  particle.  Yang  (1973)  argues  that  for  rough  turbulent 
flow  (Rey  >  70)  U,  IVs  is  no  longer  a  function  of  Re.  and  the  formula  reduces  to 
U` 
=  2.05 
Vf 
(2.11) 
This  finding  is  obviously  in  contradiction  with  most  other  equations  in  which  the  critical 
velocity  is  not  only  a  function  of  the  grain  size  but  also  of  the  depth. 
Only  a  few  methods  have  been  developed  for  calculating  critical  flow  velocities  of 
individual  size  fractions  within  graded  sediments.  Rossinsky  (1968)  derived  a  formula 
applicable  to  both  uniform  and  graded  sediments 
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0.2 
b;  s  -1  g  d; 
d9o 
Uc 
i=  cu 
(2.12) 
where  Uc;  is  the  critical  mean  flow  velocity  for  ith  size  fraction  (di),  dm  is  the  mean 
size  of  the  bed  sediment,  b,  is  the  hiding  factor  which  can  be  approximated  by 
-0.23 
=(di  dm 
(2.13) 
cu  is  the  velocity  coefficient  (ratio  of  near-bed  velocity  to  mean  velocity)  based  on  the 
logarithmic  velocity  distribution 
1og  11.7 
dm 
'  +0.50 
CU  = 
0.35  e 
(2.14) 
log  6.15 
Q 
+0.35 
0  35  0 
+1 
and  A  is  the  bed  roughness  height  (A  -  0.7  dn,  ).  The  hiding  factor  (2.13)  is  analogous 
to  the  hiding  function  employed  in  the  critical  shear  stress  concept  discussed  below.  It 
accounts  for  relative  size  effects  in  sediment  mixtures,  reducing  the  mobility  of  grains 
smaller  than  mean  size  and  increasing  mobility  of  coarser  particles. 
Romanovsky  (1974)  from  his  laboratory  experiments  suggested  a  formula  for 
coarse  graded  sediments  (d;  >_  2  mm): 
Uci  =Vi 
c2 
N°  Nc 
(2.15) 
uc  Jfo 
where  V,;  is  the  settling  velocity  of  particle  of  size  d;  calculated  by 
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0  is  the  grain  shape  coefficient  (0  =  0.48  for  flat  particles,  =1.00  for  sphere)  with 
typical  value  of  0.75  for  natural  rounded  gravel,  j  is  the  flow  parameter 
1002-9.2o+2.16)'+0.6  for  0<0.8 
(2.17) 
1.35  for  0?  0.8 
Nc  is  the  characteristic  number 
(o.  7  c+6)c 
Ný  =  (2.18) 
9 
1.11  C  1-a 
2  h-d;  Z 
2h 
c°  C-1 
(2.19) 
Q-0.57 
+ 
3.3 
for  10:  5  C:  5  60 
2  20  -() 
0.0222  C-0.000197  C2  for  C>  60 
C  is  the  Chezy  coefficient,  fo  is  the  coefficient  of  static  friction  depending  on  d;  /A 
and  0  (Table  2.1),  0=  co  d,,,,  dm  is  the  mean  size  for  the  bed  surface,  ce  is  the  bed 
roughness  height  coefficient  depending  on  sediment  sorting  coefficient 
So  =d  /dZ5  (Table  2.2),  d75  and  du  are  the  grain  sizes  for  which  75%  and  25%  of 
sediment  is  finer,  correspondingly. 
The  concept  of  critical  flow  velocity  is  widely  used  in  engineering  practice.  It  is 
preferable  over  the  critical  shear  stress  approach  (discussed  below)  in  rivers  with 
complicated  channel  form,  e.  g.  meandering  and  braided  rivers,  in  which  local  water 
slope  (required  for  calculating  shear  stress)  is  usually  misleading  because  of  non- 
uniformity  of  flow.  However,  most  of  the  existing  methods  for  determining  U,  are 
derived  for  reasonably  uniform  sediment  and  are  inapplicable  for  fractionwise 
calculations  in  widely  graded  sediments.  But  even  for  uniform  sediment  these  methods 
2  Incipient  Motion  Studies:  A  Literature  Review  14 give  a  wide  range  of  critical  flow  conditions.  Figure  2.1  shows  critical  values  of  mean 
flow  velocity  for  motion  of  uniform  sediment  obtained  using  some  of  the  above 
formulas.  Obviously,  agreement  among  them  is  not  very  good.  It  is  seen  that  the 
predicted  critical  flow  velocity  for  grain  size  d=10  mm  ranges  between  0.95  m/s  and 
1.35  m/s  (a  42%  difference),  and  for  d=100  mm  between  1.96  m/s  and  3.71  m/s  (a  89% 
difference).  These  ranges  of  the  calculated  results  are  hardly  acceptable  for  design 
practice. 
The  Rossinsky  (1968)  and  Romanovsky  (1974)  formulas  for  critical  flow  velocity 
are  the  only  ones  known  to  be  developed  specially  for  graded  sediment  calculations,  the 
latter  formula  also  accounting  for  the  effect  of  grain  shape.  However,  these  two 
formulas  are  based  on  limited  laboratory  data  sets  and  have  not  been  thoroughly 
checked  in  natural  gravel-bed  streams. 
The  concept  of  critical  flow  velocity  has  been  validly  criticized  by  some 
researchers.  It  is  argued  that  the  critical  velocities  are  influenced  by  a  large  number  of 
factors,  which  has  an  adverse  effect  on  accuracy  (Bogardi  1965).  The  unanswered 
questions  as  to  what  is  meant  by  near-bed  velocity  and  what  is  a  proper  relationship 
between  near-bed  velocity  and  mean  velocity  have  led  many  researchers  to  accept  a 
more  convenient  and  easier  to  measure  in  flumes  and  straight  channels  quantity  of  the 
bed  shear  stress  as  an  incipient  motion  criterion. 
2.2  Critical  Bed  Shear  Stress 
Bed  shear  stress  (or  tractive  stress)  is  defined  as 
'r=pgRb  J  (2.21) 
where  R.  is  the  hydraulic  radius  of  the  bed  corrected  for  the  effect  of  walls  (for  very 
wide  flows  R.  =h),  and  J  is  the  slope.  The  bed  shear  stress  can  be  directly  related  to 
the  velocity  distribution  near  the  bed  and  the  viscosity  of  the  fluid.  The  advantage  of 
using  the  bed  shear  stress  as  a  predictor  for  incipient  motion  of  bed  sediment  was 
identified  in  the  18th  century  (Graf  1971),  but  it  did  not  become  popular  prior  to  the 
work  of  Schoklitsch  (1914)  who  advanced  an  experimentally  based  formula 
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where  tic  is  the  critical  value  of  bed  shear  stress  for  bed  material  motion,  ys  =  ps  g  and 
y=pg  are  the  specific  weights  of  sediment  and  water,  respectively,  and  ?,  is  the  grain 
shape  coefficient  ranging  from  ?  =1  for  spheres  to  X=4.4  for  flat  grains. 
Since  then  many  laboratory  and  field  studies  have  been  carried  out,  and  a  number 
of  empirical  relationships  for  calculating  ti,  have  been  proposed  (e.  g.,  Graf  1971,  Garde 
and  Ranga  Raju  1987).  Among  these  the  relationship  of  Krey  (1925) 
tic  =  0.076  (Ys 
-7)  d  (2.23) 
is  often  quoted.  Many  other  formulas  do  not  differ  considerably  from  (2.22)  and  (2.23), 
especially  as  far  as  their  form  is  concerned. 
An  improvement  over  the  foregoing  studies  was  Kramer's  (1935)  suggestion  to 
relate  critical  shear  stress  to  the  mean  diameter  of  bed  material  d  and  the  character  of 
grain  size  distribution.  Kramer  (1935)  carried  out  experiments  in  a  14  m  long  and  0.81 
m  wide  flume  using  quartz  grains  of  relative  density  2.70.  On  the  basis  of  these 
experiments  and  data  available  from  other  sources,  he  proposed  the  following  equation 
for  critical  bed  shear  stress: 
tiý  =0.0167(y  -Y)Kd  (2.24) 
where  K  is  the  Kramer  grain  size  distribution  coefficient,  defined  as  the  ratio  of  two 
areas  above  the  cumulative  grading  curve  divided  by  a  50%  horizontal  line.  This 
equation  is  based  on  data  with  d  ranging  from  0.24  mm  to  6.52  mm,  and  a  uniformity 
coefficient  K  varying  from  0.265  to  1.00.  Many  equations  proposed  later  by  other 
investigators  have  used  the  Kramer  coefficient  K  (Garde  and  Ranga  Raju  1987)  thereby 
accounting  for  the  effect  of  gradation  on  sediment  mobility. 
Schoklitsch  (1962)  reanalysed  a  large  amount  of  available  data  and  suggested 
using  two  relationships  for  critical  shear  stress,  given  in  Figure  2.2.  For  grains  coarser 
2  Incipient  Motion  Studies:  A  Literature  Review  16 than  6  mm,  an  equation  (2.23)  established  by  Krey  (1925)  is  suggested,  whereas  for  0.1- 
3  mm  grains,  Schoklitsch  suggested  his  own  equation: 
T,  =  0.000285  (y  'y)  d  V3  (2.25) 
According  to  Schoklitsch,  the  cause  for  the  "strange  shape"  shown  in  Figure  2.2  -  the 
shape  of  the  Shields  threshold  curve  described  later  comes  into  mind  -  cannot  be 
explained.  Referring  to  the  grain  size  distribution  coefficient  K,  Schoklitsch  attributes 
no  advantage  in  using  it. 
The  formulas  listed  above  and  many  other  similar  earlier  empirical  relationships 
(summarized  in  Graf  1971  and  Garde  and  Ranga  Raju  1987)  can  yield  the  approximate 
critical  bed  shear  stress  for  the  entire  sediment  mixture.  These  formulas  are  limited  in 
their  application  and  are  not  recommended  for  practical  use,  as  they  give  a  wide  range 
of  critical  flow  conditions,  as  shown  in  Figure  1.2.  Further,  these  formulas  are  based  on 
the  mean  grain  diameter.  There  is  no  evidence  that  the  mean  diameter  represents  most 
correctly  the  composition  of  a  sediment  mixture.  Parameters,  such  as  the  Kramer  (1935) 
grain  size  distribution  coefficient  K,  have  not  become  very  popular  (Graf  1971).  Finally, 
these  formulas  are  purely  empirical  and  do  not  throw  any  light  on  the  mechanism  of 
movement  of  sediment  particles.  An  insight  into  such  mechanism  is  essential  for  solving 
more  complex  problems  in  fluvial  hydraulics. 
There  are  also  certain  limitations  of  the  critical  shear  stress  approach.  A  major 
practical  objection  to  the  use  of  a  shear  stress  criterion  is  that  in  natural  streams  it  is 
difficult  to  determine  the  effective  shear  stress  on  the  bed  grains  because  local  slopes 
are  affected  by  several  factors  besides  bed  grain  friction.  Nevertheless,  this  approach 
has  proved  to  be  very  popular  among  design  engineers. 
2.3  Shields  Diagram 
A  revolutionary  work  on  incipient  motion  of  bed  sediment  was  made  by  Shields 
(1936).  The  story  of  this  research  conducted  in  very  difficult  conditions  in  Nazi 
Germany  is  described  in  Kennedy  (1995),  and  some  details  of  his  experimental  methods 
and  results  (Shield's  original  laboratory  data  were  lost  during  World  War  II)  are 
reported  in  Buffington  (1999).  Shields  (1936)  was  apparently  the  first  to  study  the 
2  Incipient  Motion  Studies:  A  Literature  Review  17 beginning  of  motion  of  sediment  particles  after  considering  the  forces  acting  on  bed 
particles  and  then  applying  the  principles  of  similarity.  After  over  five  decades,  the 
threshold  diagram  derived  by  Shields  is  still  often  quoted  and  used  widely.  The  diagram 
refers  to  the  incipient  transport  of  uniform  sediment  on  a  flat  bed  by  a  two-dimensional 
uniform  turbulent  flow  and  relates  dimensionless  bed  shear  stress,  or  Shields  stress, 
Ir 
= 
RbJ 
g  (Ps 
-P)d 
(s-1)d 
(2.26) 
and  grain  Reynolds  number 
Rey  = 
Ukd 
(2.27) 
where  U.  =  ti/p  is  the  shear  velocity,  and  k  is  the  kinematic  viscosity  of  water. 
Shields  (1936)  empirically  established  a  functional  relationship  between  dimensionless 
critical  bed  shear  stress  'r*  and  grain  Reynolds  number  Re.  using  his  own  and 
additional  flume  data  (Figures  1.1  and  2.3).  The  relationship  has  a  distinct  form  for 
hydraulically  smooth,  transitional,  and  rough  surfaces,  indicating  a  minimum  value  of 
ti:  =  0.03  at  Re,  =10  and  a  constant  value  of  r=0.06  above  Re.  -  400,  with  the 
latter  value  of  ti*  based  on  a  single  data  point  at  high  values  of  Re..  Shields  (1936) 
originally  drew  a  band  of  critical  shear  stresses  of  appreciable  width  on  his  diagram. 
Rouse  (1939)  replaced  this  band  with  a  single  mean  curve  termed  the  Shields  threshold 
curve  (Figures  1.1  and  2.3). 
A  drawback  of  the  Shields  diagram  is  that  the  bed  shear  stress  t  appears  on  both 
axes.  Iterative  calculations  must  be  made  to  determine  critical  flow  characteristics 
(slope  or  bed  hydraulic  radius)  for  a  given  grain  size.  For  the  convenience  of  practical 
use,  the  Shields  threshold  curve  has  been  presented  as  a  combination  of  ti:  and 
dimensionless  grain  diameter  (Bonnefille  1963,  Yalin  1972,  Miller  et  al.  1977): 
W3 
1 
d.  =d 
(s-) 
k2 
(2.28) 
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relationships  (Rijn  1984): 
0.24  d.  -' 
0.14  di°-64 
tiý  =  0.04  d.  -°'o 
0.013  d°'29 
0.055 
ford.  <_4 
for  4<d,  <_10 
for  10<d.  <_20 
for20<d.  <_150 
for  d,  >  150 
(2.29) 
The  advantage  of  (2.29)  is  that  d.  can  be  calculated  from  known  fluid  and  grain 
parameters,  and  thus  the  critical  value  of  Shields  stress  ti*  can  be  determined  directly, 
while  as  mentioned  previously  the  use  of  original  Shields  diagram  requires  iterative 
calculations. 
The  Shields  threshold  curve  has  been  confirmed  by  many  experimenters  (Bogardi 
1965,  Egiazaroff  1967,  Taylor  and  Vanoni  1972)  and  has  been  widely  accepted  as  a 
suitable  criterion  for  the  initiation  of  uniform  sediment  motion.  However,  the  high 
degree  of  scatter  in  the  experimental  data  collected  by  subsequent  researchers  (see 
Figure  1.1)  has  resulted  in  attempts  to  reconsider  the  threshold  value  of  dimensionless 
shear  stress  and  to  modify  the  diagram.  For  example,  experiments  of  White  (1940)  in  a 
small  flume  (100  cm  long  by  5.08  cm  wide)  with  0.122-5.6  mm  well-sorted  sand  and 
steel  shot  have  demonstrated  independence  of  ti:  on  Re.  for  laminar  and  turbulent 
flows,  with  individual  values  of  ti*  ranging  between  0.064  and  0.18.  Based  upon  their 
flume  measurements  with  coarse  bed  material  (up  to  28.6  mm  in  size),  Meyer-Peter  and 
Muller  (1948)  concluded  that  the  correct  t  value  for  true  initial  motion  of  uniform  bed 
material  was  about  0.03.  Knoroz  (1953)  undertook  experiments  in  a  0.625  m  wide  flume 
with  0.182-1.482  mm  sand  and  obtained  a  threshold  curve  without  the  characteristic  dip 
in  the  transitional  zone.  According  to  the  Knoroz  (1953)  findings,  hydraulically  rough 
flow  is  observed  for  Re.  >  25  with  ti*  -  0.025.  Egiazaroff  (1967)  estimated  using 
different  experimental  data  that  the  original  Shields  curve  was  placed  15-25%  higher 
than  it  should  be  due  to  Shields'  use  of  insufficiently  uniform  material.  Neill  (1967) 
conducted  experiments  with  coarse  bed  material  and  observed  the  variation  of  r 
(between  approximately  0.03  and  0.05)  with  the  relative  roughness  (grain  size  to  depth 
2  Incipient  Motion  Studies:  A  Literature  Review  19 ratio)  in  fully-rough  turbulent  flow.  He  was  also  unable  to  detect  any  rise  of  ti*  for 
Re,  >  70  as  is  given  by  the  Shields  curve  (Neill  1968a). 
Doubts  upon  the  rise  of  the  Shields  curve  in  the  region  of  rough  beds  have  also 
been  expressed  by  Ackers  and  White  (1973),  who  summarized  a  large  volume  of 
experimental  data  for  sand  and  gravel  ranging  in  size  between  0.04  mm  and  28.1  mm. 
The  threshold  curve  derived  by  Ackers  and  White  (1973)  is  close  to  the  Shields  curve  in 
the  transitional  zone.  However,  at  the  coarse  grain  end  of  the  scale  results  of  Ackers  and 
White  (1973)  agree  with  Neill  (1967)  data  grouping  around  ti:  =  0.03. 
Miller  et  al.  (1977)  modified  and  extended  the  Shields  curve  by  using  carefully 
selected  additional  flume  data  from  various  sources.  The  compiled  data  allowed  an 
extension  of  ti:  versus  Res  curve  by  three  orders  of  magnitude  of  Re,  over  the  original 
curve  presented  by  Shields  (1936).  The  modified  threshold  curve  was  drawn  in  the 
middle  of  a  rather  wide  data  envelope,  with  a  shape  similar  to  that  of  the  Shields  graph 
but  with  a  lower  value  of  ti:  =  0.045  for  rough  turbulent  flow.  A  similar  graph  was 
derived  by  Yalin  and  Karahan  (1979)  by  employing  the  most  recent  results  of  flume 
studies  at  that  time.  Both  data  sets  compiled  by  Miller  et  al.  (1977)  and  Yalin  and 
Karahan  (1979)  show  considerable  scatter,  with  individual  ti:  values  for  rough  turbulent 
flow  ranging  from  about  0.020  to  0.065.  Other  values  that  have  been  proposed  for  the 
constant  ti:  at  large  Re.  include  0.047,0.015,0.009  and  0.007  (Zeller  1963,  Bogardi 
1965,  Heiland-Hansen  1971,  and  Paintal  1971). 
It  has  also  been  established  that  the  critical  value  of  Shields  stress  is  not  constant 
for  rough  turbulent  flow  but  increases  for  steeper  slopes  and  lower  depth  to  grain  size 
ratios  (Neill  1967,  Ashida  and  Bayazit  1973,  Mizuyama  1977,  Bathurst  et  al.  1983, 
Misri  et  al.  1983).  Graf  and  Suszka  (1987)  from  flume  experiments  with  12.2  and  23.5 
mm  uniform  gravels  derived  the  following  empirical  relationship  for  slopes  in  the  range 
0.005:  5  J  <_  0.025: 
ti;  =  0.042  x  10  2.2'  (2.30) 
Modifications  of  the  Shields  diagram  at  low  values  of  Rey  (smooth  sediment 
beds)  have  also  been  proposed  by  Grass  (1970),  White  (1970),  Mantz  (1977),  Unsold 
(1982).  Some  of  the  threshold  curves  concerning  the  entrainment  of  coarse  uniform 
2  Incipient  Motion  Studies:  A  Literature  Review  20 sediments  are  presented  in  Figure  2.3.  As  one  can  see,  for  high  values  of  Re,  these 
curves  give  a  wide  range  of  threshold  flow  conditions. 
2.4  Critical  Stream  Power 
The  stream  power  (mean  rate  of  energy  dissipation  per  unit  length  of  channel)  is  a 
third  criterion  for  the  threshold  of  bed  material  movement  introduced  and  developed  by 
Bagnold  in  a  long  series  of  papers.  In  one  of  his  latest  works  (Bagnold  1980),  a  constant 
value  of  critical  Shields  stress  r:  =  0.04  was  used  for  rough  turbulent  flow  to  derive  an 
equation 
coc  =  290  d''S  log 
12  h 
d 
(2.31) 
where  we  is  the  critical  value  of  unit  steam  power  w=phJU  for  incipient  motion  of 
bed  sediment.  The  formula  employs  a  modal  grain  size  and  is  valid  only  for  natural 
sediments  (ps  =  2600  kg/m3).  In  case  of  bimodal  bed  material,  Bagnold  (1980) 
suggests  using  the  geometric  mean  value  between  the  two  modes  coc  =  wc,  wc2 
where  c0c,  and  wc2  are  the  threshold  values  of  co  for  the  individual  modes  d,  and  d2 
in  the  grain  size  distribution.  Bagnold  (1980)  applied  equation  (2.31)  in  conjunction 
with  his  bedload  transport  formula  to  a  variety  of  sand  and  gravel-bed  rivers  and 
demonstrated  a  reasonable  agreement  between  measured  and  calculated  data. 
Ikeda  (1983)  undertook  experiment  with  6.5  mm  gravel  in  a  160  m  long,  4m  wide 
by  2m  deep  flume  and  observed  variation  of  threshold  stream  power  with  bed  slope. 
The  steeper  the  slope  was  set,  the  lower  the  value  of  threshold  stream  power  was 
observed.  In  the  experiments  of  Ikeda  (1983),  however,  the  bed  was  not  levelled  before 
each  run,  and  therefore  bed  features  remaining  from  the  previous  runs  could  have  had 
some  effect  on  sediment  threshold. 
It  should  be  mentioned  that  the  concept  of  critical  stream  power  has  not  been 
developed  for  predicting  behaviour  of  individual  size  fractions  within  sediment  mixtures 
and  is  not  very  popular  among  the  researchers  concerned  with  bedload  transport. 
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In  his  later  research,  Schoklitsch  (1962)  abandoned  the  concept  of  critical  bed 
shear  stress  developed  in  his  earlier  works  (see  above),  stating  that  "there  is  not  too 
much  known  about  it".  He  suggested  the  use  of  water  discharge  as  incipient  motion 
criteria,  which  can  be  easily  derived  from  the  Shields-type  equations  through 
substitution  in  a  flow-resistance  relationship.  Based  on  laboratory  and  river  data, 
Schoklitsch  (1962)  proposed  the  following  dimensional  relationship: 
qý  =  0.26  (s 
-15/3 
d 
j 
,  ý/b 
(2.32) 
where  q,  is  the  critical  unit  water  discharge.  For  sand  mixtures,  the  use  of  d4o  (grain 
size  for  which  40%  of  sediment  is  finer)  is  suggested. 
Bettess  (1984)  derived  another  relationship  for  gravel  streams: 
0.04 
log 
1.  ý  1  (s 
-1)g  d3  4c  _  (2.33) 
This  equation  can  be  used  to  determine  critical  conditions  for  natural  sediment  with 
ps  /p  =  2.65,  and  grain  size  greater  than  2.5  mm. 
Bathurst  et  al.  (1983,1987)  conducted  experiments  in  a  16.8  m  long  and  0.6  m 
wide  flume  with  reasonably  uniform  gravels  (median  diameters  d50  =  11.5,22.2,  and 
44.3  mm)  and  observed  an  increase  of  critical  Shield  stress  for  steep  slopes  and  low 
relative  depths  (hid  <  10).  This  demonstrated  the  failure  of  the  traditional  assumption 
of  the  constant  value  of  critical  Shields  stress  for  rough  turbulent  flow.  Bathurst  et  al. 
(1987)  concluded  that  for  these  conditions  critical  water  discharge  is  a  better  predictor 
for  gravel  threshold  than  the  Shields  approach,  and  derived  an  empirical  equation 
Rý  =  0.15  go.  s  d'.  s  J-'.  12  (2.34) 
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recommended  for  use  with  essentially  uniform  sediments  for  the  range  of  slopes 
0.0025<_  J  <_  0.20.  For  mountain  rivers  with  slopes  in  the  range  0.0025-0.10,  Bathurst 
et  al.  (1987)  suggested  using 
qc  =  0.21  g°5  dib  J-1.  '2  (2.35) 
where  d16  is  the  grain  size  for  which  16%  of  sediment  in  the  surface  layer  is  finer. 
All  the  above  equations  show  approximate  agreement  with  the  uniform  sediment 
data.  In  the  case  of  graded  sediment,  however,  these  predict  general  behaviour  of  the 
entire  sediment  mixture. 
Bathurst  (1987)  has  attempted  to  expand  the  concept  of  critical  water  discharge  to 
predicting  entrainment  of  individual  size  fractions  within  sediment  mixtures  [see  also 
Komar  (1996)].  Data  from  gravel-bed  streams  were  used  to  examine  the  relationship 
between  fractional  critical  discharge  qc  i  and  fraction  size  d,.  It  was  found  that  the 
individual  data  sets  have  trends  that  cross  the  curve  of  equation  (2.34)  approximately  at 
the  median  diameters  of  the  distributions,  so  that  the  data  could  be  normalized  as 
qý,  d, 
gc50  d50 
(2.36) 
where  q,  50 
is  the  critical  unit  discharge  for  median  size  d50  determined  from  equation 
(2.34).  Based  on  data  from  two  rivers,  Bathurst  determined  that  exponent  t  is  of  the 
order  of  0.2-0.4,  and  further  suggested  that  its  value  might  depend  on  the  sorting  of  the 
gravel  within  the  bed  material  as  evaluated  by  the  d84  /d16  ratio.  The  relationship  (2.36) 
is  analogous  to  the  hiding  function  in  the  critical  shear  stress  concept.  More  field  and 
laboratory  data  are  required  to  better  establish  the  discharge-based  equations  for 
fractional  threshold  calculations  in  graded  sediments,  and  analyses  are  needed  to 
explore  its  relationship  to  the  stress-based  hiding  function  theory. 
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In  the  classical  procedure  of  calculating  transport  of  graded  sediment  it  is  assumed 
that  each  size  fraction  is  not  affected  by  the  presence  of  other  fractions  and  that  each 
fraction  is  distributed  uniformly  in  the  bed.  However,  it  has  been  experimentally 
established  that  sediment  fractions  in  a  mixture  do  not  behaviour  independently  and  that 
there  are  strong  intergranular  effects.  Smaller  particles  are  shielded  by  coarser  grains 
and  need  higher  flow  strength  for  mobilization  if  compared  with  uniform  sediment  of 
the  same  size.  Conversely,  larger  particles  are  entrained  at  lower  threshold  than  in  a  bed 
of  uniform  sediment  due  to  increased  exposure  and  instability.  The  combination  of  these 
effects  is  often  referred  to  as  the  "hiding  phenomenon"  and  can  be  described  by  a 
"hiding  function".  A  hiding  function  is  a  correction  of  the  mobility  of  individual  size 
fractions  d;  within  a  mixture  for  relative  size  effects  with  respect  to  either  uniform 
sediment  of  that  size  or  a  characteristic  grain  size  of  the  mixture. 
The  first  hiding  function,  introduced  by  Einstein  (1950),  was  used  to  extend  the 
application  of  his  statistically  based  uniform  sediment  bedload  formula  to  graded 
sediment.  From  the  flume  experiments,  he  derived  an  empirical  hiding  function  by 
matching  the  computed  and  measured  total  load  transport  rates.  This  function  reduced 
the  applied  shear  stress  for  particles  of  relative  size  d;  /d50  <  1.3,  while  the  coarser 
fractions  were  considered  to  be  unaffected  by  hiding. 
Day  (1980)  and  White  and  Day  (1982)  investigated  threshold  conditions  for  size 
fractions  in  graded  sediment  in  an  18  m  long  by  2.46  m  wide  tilting  flume.  The 
experimental  results  complemented  by  other  available  data  were  analysed  in  terms  of 
sediment  transport  parameter  Ggr  and  particle  mobility  parameter  Fgr  introduced  by 
Ackers  and  White  (1973).  For  a  given  size  fraction  and  flat  bed  conditions,  these 
parameters  may  be  defined  as 
46  U.  " 
Ggri  -  d.  U 
(2.37) 
f;  Ps 
and 
Fgr  i=  tii  (2.38) 
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and  n  =1.0  -  0.56  log(ds)  for  1<_  d,  <_  60.  The  beginning  of  motion  of  the  bed  material 
(or  reference  transport  rate)  was  taken  as  Ggr 
j  =10-4  . 
The  results  led  to  the  hiding 
function: 
=  0.4  +0.6 
ýciuni  da 
(2.39) 
where  ti:;  and  't:;  un;  are  the  critical  values  of  Shields  stress  for  size  d;  in  a  mixture  and 
in  uniform  sediment  of  size  d; 
,  respectively,  'r:,  .,,;  =  0.029  for  d.  >  60, 
ti:  ;  u,,;  = 
(0.23  d-0,5  +0.142  for  1:  9  d.  <_  60,  and  da  is  the  scaling  grain  size  in  the 
mixture  which  begins  to  move  under  the  same  conditions  as  a  uniform  bed  material.  The 
scaling  size  is  given  by 
-0.28 
d° 
=1.6 
d84 
d50  d, 
6 
(2.40) 
The  study  of  Day  (1980)  and  White  and  Day  (1982)  indicated  that  the  position  of  the 
size  fraction  within  the  grading  curve  is  more  important  than  the  overall  grading  of  the 
sediment  mixture,  i.  e.  is  more  sensitive  to  d;  /d50  than  d84  /d16 
. 
However, 
a  physical  explanation  of  the  relationship  (2.40)  has  not  been  found. 
A  number  of  researchers  have  demonstrated  that  the  relative  variation  of  the 
critical  value  of  dimensionless  bed  shear  stress  for  different  grain  sizes  within  graded 
sediment  is  largely  controlled  by  a  central  value  of  the  grain  size  distribution, 
commonly  the  mean  size,  dm,  or  the  median  size,  d30 
d 
function  or  function 
T:  mm 
tiC  50  d50  d 
(2.41) 
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mixture,  respectively.  For  example,  Egiazaroff  (1965)  proposed  a  relationship,  which 
can  be  expressed  as: 
log(19)  2 
ti:  m 
[Iog(19 
d;  /dm  ) 
(2.42) 
where  a  value  of  'c:  m=0.06 
is  recommended  for  coarse  material.  This  equation  is 
based  on  a  limited  amount  of  Russian  and  other  experimental  data. 
Ashida  and  Michiue  (1971)  modified  the  Egiazaroff  relationship  for  d;  /dm  <_  0.4 
as: 
Tc 
=  0.85 
dm 
"  tcm  di  (2.43) 
Hayashi  et  al.  (1980)  recommended  the  following  equations  for  calculating  critical 
Shields  stress  in  sediment  mixtures: 
d; 
d 
tic; 
_  ,￿ 
tim  log(8)  12 
[Iog(8 
d;  /d. 
for  di  /dm  <I 
for  d,  /dm  >I 
(2.44) 
These  relationships  demonstrate  that  all  particles  finer  than  dm  are  entrained  at  the  same 
bed  shear  stress  c,  while  coarser  particles  experience  size-selective  entrainment. 
Parker  et  al.  (1982)  analysed  bedload  transport  data  from  Oak  Creek,  a  small, 
flume-like  gravel-bed  stream  in  Oregon,  U.  S.  A.,  with  the  median  size  of  the  surface 
material  d50  =  54  mm.  They  introduced  the  bedload  parameter  (for  ith  size  fraction) 
Wý 
_ 
`s-1  g  qb, 
_ 
RbJ 
3/2  3/2 
. 
fa  Ps  P 
(2.45) 
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qbl 
qbý  - 
ff  p,  (s 
-  l)gd  3 
(2.46) 
is  the  normalized  Einstein  bedload  parameter  (Einstein  1942),  qb,  is  the  fractional 
transport  rate  computed  as  p,  qb  ,  p,  is  the  proportion  of  fraction  i  in  the  transport  (=1 
for  uniform  sediment),  qb  is  the  bedload  transport  rate  per  unit  width  (dry  weight),  f;  is 
the  proportion  of  fraction  i  in  the  bed  surface  (=1  for  uniform  sediment),  d;  is  the  mean 
size  of  fraction  i,  and  'r;  is  the  Shields  stress  for  di.  Plotting  measured  fractional 
transport  rates  as  W,  '  versus  'r  and  using  arbitrary  chosen  value  of  W,  *  =  0.002  as  a 
reference  transport  rate  corresponding  to  threshold  conditions,  Parker  with  colleagues 
derived  the  following  surface-based  hiding  function  for  the  whole  range  of  grain  sizes  in 
the  bed  material  in  Oak  Creek  (Parker  and  Klingeman  1982): 
'r;  1  di 
ti:  50 
dso 
(2.47) 
where  e=0.982  is  the  exponent  in  hiding  function,  and  t:  50  =  0.035  is  the  critical 
Shields  stress  for  the  median  size  of  the  bed  surface.  Here  the  mobility  of  individual 
fractions  is  related  to  the  median  value  of  the  grain  size  distribution.  In  the  above 
equation,  the  value  of  e  is  close  to  unity,  which  indicates  that  critical  shear  stresses  tic; 
for  particles  of  various  sizes  comprising  the  bed  in  Oak  Creek  were  practically 
independent  of  particle  size  (tic;  °  d0-018)  and  that  motion  of  different  size  fractions  in 
sediment  mixtures  was  dominated  by  strong  relative  size  effects,  eliminating  almost 
entirely  size-selective  transport  (in  case  of  pure  size-selective  entrainment,  as  implied 
by  the  classical  approach,  the  exponent  would  be  equal  to  zero).  This  allowed  Parker  et 
al.  (1982)  to  propose  their  "equal  mobility"  concept  as  a  first  approximation  for 
predicting  behaviour  of  graded  sediments  [see  also  Andrews  and  Parker  (1987)].  This 
concept  can  be  viewed  as  consisting  of  two  parts:  "equal  entrainment  mobility"  and 
"equal  transport  mobility".  Equal  entrainment  mobility  is  defined  as  the  case  when  all 
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strength.  Equal  transport  mobility  refers  to  the  situation  where  all  particle  sizes  are 
transported  according  to  their  relative  proportions  in  the  bed  material,  so  that  the 
bedload  and  bed  material  grain  size  distributions  are  identical.  As  Kuhnle  (1992)  noted, 
if  one  condition  of  equal  mobility  for  a  given  channel  is  fulfilled  it  does  not  imply  that 
the  other  one  is.  The  equal  entrainment  mobility  was  observed  earlier  by  Ashida  and 
Michiue  (1971)  and  Hayashi  et  al.  (1980),  but  only  for  fine  fractions  in  the  mixtures. 
Andrews  (1983)  used  bedload  transport  data  collected  in  the  East  Fork  River 
(d50  =  1.3  mm),  the  Snake  River  (d5O  =  54  mm),  and  the  Clearwater  River 
(d50  =  74  mm)  to  derive  a  relationship  ti:;  /ti, 
50  =  (d;  /d50)-`  with  e=0.872.  The  hiding 
function  of  Andrews  (1983)  is  based  on  the  "largest-grain  method",  i.  e.  on  the 
assumption  that  the  dimensionless  bed  shear  stress,  ti;,  computed  for  the  largest 
bedload  particle  at  a  given  discharge  approximates  the  critical  value,  ti:;  ,  as  long  as 
larger  particles  are  available  on  the  riverbed.  Andrews  (1983)  also  indicated  an  average 
value  of  ti*c  so  =  0.033  for  the  median  particle  in  the  bed  surface  of  24  self-formed 
gravel-bed  rivers  in  Colorado.  Although  based  on  a  different  analysis  method,  the 
exponent  in  the  hiding  function  obtained  by  Andrews  (1983)  is  very  similar  to  that  of 
Parker  et  al.  (1982)  derived  using  independent  sets  of  data,  thus  supporting  the  equal 
entrainment  mobility  hypothesis. 
Diplas  (1987)  reanalysed  the  Oak  Creek  data  and  found  that  the  Parker  et  al. 
(1982)  bedload  parameter  W;  '  actually  depends  on  the  grain  size  di.  He  suggested  a 
s 
R  /dSO  )  0.3214 
new  similarity  parameter  defined  as  ti;  . 
Plotting  W;  against  this  parameter 
and  using  W,  s  =  0.0025  as  a  reference  transport  rate,  Diplas  derived  a  subsurface-based 
hiding  function  i:;  /i: 
so  =  (d,  /d50)_e  with  e=0.943.  This  result  demonstrated  that 
despite  strong  relative  size  effects  there  actually  was  some  degree  of  size-selective 
entrainment  in  Oak  Creek. 
Komar  (1987a)  reanalysed  some  of  the  same  river  data  used  by  Parker  and  his 
colleagues  and  claimed  that  there  is  no  common  threshold  at  all  for  the  motion  of 
gravels,  hence  that  equal  mobility  of  all  sizes  certainly  does  not  hold  near  the  threshold 
for  sediment  motion.  From  the  data  on  the  maximum  particle  diameter  transported 
under  the  various  water  discharges,  Komar  (1987a)  found  for  Oak  Creek  ti,,  «  d°'57 
2  Incipient  Motion  Studies:  A  Literature  Review  28 [see  also  Komar  and  Shih  (1992)],  which  is  equivalent  to  ti:;  /ti: 
so  =  (d;  /dso)-`  with 
e=0.43  and  ti*,  50  =  0.030  for  the  bed  surface,  whereas  Parker  et  al.  (1982)  found 
essentially  no  dependence  of  ti;  on  di.  Komar  (1987a)  also  reanalysed  data  sets 
collected  by  Carling  (1983)  in  a  small  gravel-bed  stream  (Great  Eggleshore  Beck, 
England),  Hammond  et  al.  (1984)  in  a  tidal  channel,  and  Day  (1980)  in  a  laboratory 
flume.  The  data  of  Carling  (1983)  and  Hammond  et  al.  (1984)  were  fitted  by 
'rc  i 
/'tic 
so  =  (d;  /d 
so) 
-e  with  e=0.68  and  =0.71,  respectively,  and  'r  50  =  0.045  in  both 
cases  (Komar  1987a,  1987b).  Considering  the  significant  scatter  of  the  Oak  Creek  data, 
Komar  (1987a)  mentioned  that  the  use  of  e=0.68  in  the  hiding  function  would  also  show 
reasonable  agreement.  This  demonstrated  a  high  degree  of  uncertainty  when  fitting 
relationships  to  the  scattered  field  data.  The  measurements  of  Day  (1980)  were  found  to 
follow  non-linear  trends.  However,  attempts  to  fit  the  Egiazaroff  non-linear  equation 
(2.42)  to  these  measurements  were  not  successful.  Therefore,  relationships  of  the  form 
of  ti:;  /tip 
so  =  (d;  1d50  )_`  were  fitted  to  the  data  of  Day  (1980)  for  d;  /d50  >1  only. 
These  gave  a  range  of  values  of  e  from  0.29  to  0.66,  with  ti*cSo  ranging  between  0.026 
and  0.047.  The  results  obtained  by  Komar  implied  a  significant  degree  of  size-selective 
entrainment  in  graded  sediments,  i.  e.  different  size  fractions  are  entrained  at  different 
bed  shear  stresses.  These  disagreed  with  the  results  of  Andrews  (1983)  and  Andrews 
and  Erman  (1986)  who  used  the  same  largest-grain  approach  and  concluded  that  all 
sizes  are  mobilized  at  effectively  the  same  shear  stress.  Komar  and  Shih  (1992)  and 
Komar  (1996)  also  argued  that  equality  e=1  in  hiding  function  'c*,;  /ti* 
so  =  (dr  /dso)_e 
cannot  be  interpreted  as  a  demonstration  of  equal  mobility  of  different  sizes  on  its  own, 
as  this  may  be  significantly  influenced  by  plotting  on  the  log-log  graph  of  random  data 
collected  for  coarse  grains  at  low  flow  strength.  Subsequently,  however,  Komar  and 
Carling  (1991)  presented  improved  flow-competence  assessments  based  on  the  largest 
particle  sizes  transported  in  Oak  Creek  and  Great  Eggleshore  Beck.  The  corresponding 
equations  are  'r,,  oc  d  0.361  (Oak  Creek)  and  tiet  -  do.  iss  (Great  Eggleshore  Beck), 
yielding  e=0.639  and  e=0.815  in  ti*;  /ti*cso 
=  (d;  /d 
So)-`  ,  respectively. 
Ashworth  and  Ferguson  (1989)  studied  entrainment  of  mixed  size  gravel  bed 
material  in  several  reaches  of  two  streams  in  Scotland  (Alit  Dubhaig  and  River  Feshie) 
and  one  in  Norway  (Lyngsdalselva).  The  largest-grain  method  gave  the  averaged 
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50  =  (d;  /d50)-`  fitted  to  the  rather  scattered  data  from 
these  rivers,  with  e=0.74  and  ti:  50  =  0.089.  Application  of  the  Parker  et  al.  (1982) 
reference  transport  method  yielded  the  following  surface-based  values  of  e  and  'r:  50: 
0.65  and  0.072  for  Alit  Dubhaig  (d50  =  23-98  mm),  0.67  and  0.054  for  Feshie  (d5O  =  52- 
63  mm),  0.92  and  0.087  for  Lyngsdalselva  (d50  =69  mm),  respectively.  It  is  seen  that 
the  application  of  different  methods  gave  strikingly  different  results.  Nevertheless, 
Ashworth  and  Ferguson  (1989)  concluded  that  their  results  indicated  unequal  mobility 
of  different  sizes  of  bedload  as  opposed  to  the  equal  entrainment  mobility  concept. 
Subsequently  Wathen  et  al.  (1995)  collected  additional  bedload  transport  data  in  Allt 
Dubhaig  and,  using  the  reference  transport  method,  derived  somewhat  different  surface- 
based  values  of  e=0.90  and  'r:  50  =  0.086.  The  results  of  Wathen  et  al.  (1995)  indicated 
significantly  lower  degree  of  size-selective  entrainment  in  Allt  Dubhaig,  compared  to 
those  obtained  earlier  by  Ashworth  and  Ferguson  (1989).  This  discrepancy  of  the  results 
obtained  for  the  same  river  reflects  the  natural  variability  of  bedload  transport,  generally 
low  accuracy  of  data  collected  in  natural  gravel-bed  streams,  and  effect  of  subjectivity 
in  fitting  transport  rating  curves  to  significantly  scattered  data  points. 
Ferguson  et  al.  (1989)  undertook  measurements  of  gravel  transport  in  a  braided 
reach  of  the  pro-glacial  White  River,  Washington,  U.  S.  A.  They  determined  threshold 
conditions  using  the  largest-grain  approach  and  derived  a  hiding  function 
ti:;  /'r: 
50  =  (d,  /d50)'  with  e=0.88  and  'r  50  =  0.047  for  the  bed  surface.  It  should  be 
noted  here,  that  in  braided  streams  entrainment  and  motion  of  bed  material  could  be 
significantly  influenced  by  irregular  spatial  geometry  of  the  channel  (Carson  and 
Griffiths  1987).  Yet  another  study  concerning  entrainment  of  gravel  in  braided  streams 
is  that  of  Ashworth  et  al.  (1992)  in  the  Sunwapta  River,  Canada.  Use  of  the  largest-grain 
method  gave  e=0.69  and  surface-based  ti*  so  =  0.049,  while  the  reference  transport 
method  of  Parker  et  al.  (1982)  resulted  in  e=0.79  and  'rc50  =  0.061.  The  results  obtained 
by  the  two  different  methods  were  considered  very  similar  and  implied  unequal  (i.  e., 
size-selective)  entrainment  of  bed  particles  of  different  sizes. 
Church  et  al.  (1991)  sampled  bedload  in  the  gravel-bed  Harris  Creek  and  observed 
entrainment  of  gravel  at  stages  significantly  higher  than  those  that  moved  sand,  with 
sand  portion  moving  with  near  equal  mobility  (i.  e.,  composition  of  moving  sand  was  the 
same  as  of  the  composition  of  sand  contained  in  the  bed). 
2  Incipient  Motion  Studies:  A  Literature  Review  30 Wilcock  (1992,1993)  presented  the  results  of  extensive  experiments  in  22  m  long 
by  0.6  m  wide  and  11  m  long  by  0.6  m  wide  flumes  with  a  wide  range  of  different  bed 
materials  including  uniform  sediments,  unimodal  sediment  mixtures  with  different 
sorting,  and  bimodal  sediments  with  different  proportion  in  each  mode  and  spread 
between  modes.  Some  of  the  earlier  results  were  presented  in  Wilcock  and  Southard 
(1988).  The  reference  transport  method  of  Parker  et  al.  (1982)  was  used  to  determine  the 
critical  shear  stress  for  each  size  fraction.  The  experimental  results  combined  with 
previously  published  data  indicated  that  incipient  motion  occurred  at  nearly  the  same 
shear  stress  for  all  size  fractions  in  skewed,  lognormal,  and  rectangular  unimodal 
distributions  and  weakly  bimodal  distributions,  with  the  exponent  e  in  hiding  function 
'ti:;  /'ti: 
so  =  (d;  ld 
So) 
-'varying  between  0.81  and  1.09.  For  these  sediments  the  critical 
shear  stress  for  d50  fell  within  a  factor  of  1.4  of  the  Shields  threshold  curve.  Mixture 
sorting  was  demonstrated  to  have  no  effect  on  the  critical  shear  stress.  For  strongly 
bimodal  mixtures  the  size  independence  of  the  fractional  critical  shear  stress  was  no 
longer  maintained:  finer  fractions  began  moving  at  a  shear  stress  considerably  smaller 
than  the  coarse  fractions.  The  values  of  critical  shear  stress  for  different  fractions  in 
strongly  bimodal  sediments  were  found  to  be  influenced  by  the  proportion  present  in 
each  mode. 
Kuhnle  (1992,1993a)  measured  fractional  transport  rates  of  bedload  on  Goodwin 
Creek  having  weakly  bimodal  grain  size  distribution.  Applying  the  Parker  et  at.  (1982) 
reference  method,  he  obtained  a  hiding  function  'r  ; 
/ti, 
50  =  (d;  /d50  )-`  based  on 
subsurface  bed  material,  with  e=0.805.  Laboratory  experiments  of  Kuhnle  (1993a, 
1993b)  with  sand-gravel  sediment  mixtures  has  demonstrated  that  in  strongly  bimodal 
sediments,  the  critical  shear  stress  for  the  sand  fractions  is  nearly  constant  and  increases 
with  increasing  size  for  the  gravel  fractions. 
Andrews  (1994)  studied  marginal  bedload  transport  in  the  gravel-bed  Sagehen 
Creek  (d50  =  58  mm)  and,  applying  the  Parker  et  al.  (1982)  reference-transport  method 
to  define  threshold  for  different  size  fractions,  arrived  at  e=0.887  and  'r:  50  =  0.0384  for 
the  surface  bed  material.  These  values  were  similar  to  that  obtained  for  Oak  Creek  by 
Parker  et  al.  (1982)  and  Parker  and  Klingeman  (1982). 
Petit  (1994)  undertook  a  series  of  experiments  in  6m  long  by  0.5  m  wide  flume 
with  fixed  and  mobile  beds  composed  of  essentially  uniform  well-rounded  gravel 
ranging  in  size  from  12.8  to  39.2  mm.  With  these  different  beds,  experiments  were 
2  Incipient  Motion  Studies:  A  Literature  Review  31 carried  out  at  different  slopes  and  discharges,  using  marked  10-65  mm  pebbles.  Nearly 
one  hundred  marked  particles  were  used,  and  Petit  documented  the  local  bed  stresses  for 
those  pebbles  that  did  not  move  as  well  as  for  the  pebbles  that  were  entrained.  Graphs  of 
dimensionless  shear  stresses  'r  versus  d;  /d50  were  developed  for  each  experiment, 
and  lines  for  the  "onset  of  movement"  and  "generalized  movement"  were  established. 
The  hiding  functions  ti:;  /t 
50  =  (d;  /d50)-`  so  derived  for  the  "onset  of  movement"  had 
values  of  e  ranging  from  0.66  to  0.81,  while  ti:  50 
determined  as  the  proportionality 
coefficients  in  'r  versus  d;  /d50  graphs  ranged  from  0.045  to  0.058.  Petit 
recommended  use  of  e=0.70  and  'r  50  =  0.050  based  on  the  complete  series  of 
experiments. 
Wilcock  et  al.  (1996)  measured  gravel  entrainment  in  the  Trinity  River,  California 
using  large  tracer  gravel  installations  and  concluded  that  the  transition  from  complete 
immobility  to  entrainment  of  the  entire  bed  surface  occurred  over  a  narrow  range  (10- 
15%)  of  the  bed  shear  stress.  The  value  of  tic50  =  0.039  was  obtained  for  gravel 
d50  =  36  mm  using  the  Parker  et  al.  (1982)  reference  transport  method. 
Wilcock  and  McArdell  (1993,1997)  studied  mobilization  thresholds  of  a  widely 
graded,  multi-modal  sediment  (d50  =  5.2  mm,  size  range  0.21-64  mm,  geometric 
standard  deviation  1g  = 
VW84  //d16  =  7.4)  in  a  7.9  m  long  by  0.60  m  wide  flume  and 
observed  entrainment  of  different  size  fractions  over  the  seventeen-fold  range  of  bed 
shear  stress.  The  critical  shear  stresses  were  determined  using  Parker  et  al.  (1982) 
reference  transport  method  from  fractional  transport  rates  scaled  by  the  grain  size 
distribution  of  the  bed  surface.  The  experimental  data  demonstrated  that  for  d,  >2  mm 
critical  bed  shear  stress  tic;  for  size  d;  is  approximated  by  'rc  1= 
30.4  d,  °55,  which  is 
equivalent  to  e=0.45  in  ti:;  /ti: 
so  =  (d;  /d50)-` 
. 
This  result  yielded  a  pattern  of  increasing 
reference  threshold  stresses  with  grain  size.  This  was  strikingly  different  from  many 
previous  observations  obtained  with  the  same  reference  transport  method  and  a  variety 
of  other  sediments,  in  which  values  of  exponent  e  around  unity  were  typical.  The  result 
was  consistent,  however,  with  similar  trends  observed  with  strongly  bimodal  sediments 
(Wilcock  1992,1993).  Wilcock  and  McArdell  (1997)  and  Wilcock  (1997a)  also 
presented  results  of  measuring  the  active  proportions  Y;  of  different  size  fractions 
(painted  at  different  colours)  with  respect  to  the  bed  surface  population.  The  results 
2  Incipient  Motion  Studies:  A  Literature  Review  32 obtained  using  time  series  photographs  of  the  bed  indicated  that  the  active  proportion  of 
a  fraction  decreases  with  grain  size  at  reference  transport  conditions  from  Y;  =  0.8  for 
d50  to  Y;  =  0.2  for  fractions  larger  than  22.6  mm.  That  is,  Parker  et  al.  (1982)  reference 
transport  method  does  not  provide  equal  mobilized  proportion  for  different  size 
fractions  at  incipient  motion.  This  agrees  with  the  earlier  conclusion  of  Komar  and  Shih 
(1992)  who  demonstrated  that  Parker  et  al.  (1982)  reference  transport  criterion 
W;  '  =  0.002  involves  the  motion  of  thousands  of  sand-size  grains  and  only  a  few  coarse 
gravel  grains.  The  shear  stress  corresponding  to  fractional  mobility  Y.  =  0.5  is 
approximated  by  ti,;  =  53.5  d067  for  d,  greater  than  about  5  mm,  which  can  be 
converted  into  hiding  function  ti:;  /ti, 
50  =  (d;  /d5O  )-`  with  e=0.33.  This  hiding  function 
differs  from  others  in  that  it  corresponds  to  the  bed  state  when  50%  of  the  grains  in  a 
size  fraction  are  mobilized.  This  is  an  entirely  different  measure  compared  to  the 
reference  transport  method  and  the  largest-grain  method  (Wilcock  1997). 
Attempts  have  been  made  to  relate  the  variation  of  critical  shear  stress  for 
individual  size  fractions  in  sediment  mixtures  to  sediment  sorting  and  flow 
characteristics.  For  example,  Nakagawa  et  al.  (1982)  proposed  a  theoretical  relationship, 
in  which  they  added  the  geometric  standard  deviation  of  the  mixture  as  the  third 
parameter.  Misri  et  al.  (1984)  used  experimental  data  to  develop  a  correction  factor  for 
calculating  effective  shear  stress  acting  on  bed  particles  of  different  sizes,  which 
depended  on  the  Kramer  (1935)  grain  size  distribution  coefficient.  Pender  and  Li  (1995) 
applied  a  non-linear  optimisation  technique  to  the  data  on  graded  sediment  transport  of 
Day  (1980)  and  USWES  (1935)  and  developed  two  different  hiding  functions.  The  first 
one  was  derived  following  the  work  of  White  and  Day  (1982)  and  corrected  fractional 
critical  shear  stress  relative  to  that  for  uniform  sediment  of  the  same  size.  The  second 
function  was  developed  following  Parker  et  al.  (1982)  and  corrected  critical  shear  stress 
for  each  size  fraction  relative  to  that  for  the  geometric  mean  grain  size  in  the  mixture. 
Additional  parameters  in  these  hiding  functions  were  mixture  geometric  standard 
deviation  ßa  =  dM/d16  and  Froude  number  Fr.  The  functions  were  included  in  a 
numerical  model  for  predicting  graded  sediment  behaviour  under  unsteady  flow 
conditions.  The  model  was  tested  against  independent  flume  data  and  performed 
reasonably  well  when  the  second  hiding  function  was  used. 
2  Incipient  Motion  Studies:  A  Literature  Review  33 An  interesting  experimental  study  was  undertaken  by  Patel  and  Ranga  Raju 
(1999).  They  observed  initiation  of  motion  and  transport  of  different  fractions  in 
unimodal  sediment  mixtures  (d50  =  2.59  -  3.70  mm,  ßg  =1.73  -  2.90)  in  a  12  m  long 
by  0.40  m  wide  flume.  The  experimental  data  obtained  using  the  reference  transport 
method  of  Parker  et  at.  (1982)  and  the  largest-grain  method  for  the  coarsest  fractions 
deviated  from  any  of  the  existing  hiding  functions.  Analysis  of  the  experimental  results 
and  other  available  data  resulted  in  a  new  empirical  relationship  for  unimodal  and 
weakly  bimodal  sediment  mixtures: 
-0.96 
'C9 
__ 
d1 
tic,  ' 
da  (2.48) 
where  da  =  dg  ag  , 
dg  is  the  geometric  mean  size  defined  as  log(dg  )=Ef,  log(d;  ), 
f,  is  the  proportion  of  fraction  d,  in  the  bed,  a8  =  d84/d, 
6  is  the  geometric  standard 
deviation,  't  a 
is  the  critical  Shields  stress  for  the  size  da 
. 
It  was  found  that  ti:,,  is  a 
function  of  ßg  . 
This  function  is  presented  graphically  in  Figure  2.4. 
There  have  been  also  a  few  attempts  to  incorporate  hiding  and  exposure  effects 
into  formulas  for  calculating  fractional  critical  flow  velocity  (Rossinsky  1968, 
Romanovsky  1974)  and  critical  water  discharge  (Bathurst  1987).  However,  these 
methods  are  not  well  elaborated  and  need  a  thorough  practical  verification. 
Thus,  there  is  a  significant  number  of  publications  devoted  to  the  development  of 
hiding  function  theory.  There  are  many  laboratory  and  field  studies  that  have 
demonstrated  near  equal  entrainment  mobility  of  different  size  fractions.  However,  in 
many  cases  significantly  different  degrees  of  size-selective  entrainment  have  been 
observed.  Comparison  of  some  of  the  hiding  functions  proposed  in  the  literature  is 
presented  in  Figure  2.5  for  a  typical  range  of  d;  /d50  found  in  natural  gravel-bed 
streams.  It  is  seen  that  there  is  a  considerable  discrepancy  in  the  results,  with  almost  a 
ten-fold  difference  in  the  critical  Shields  stress  for  the  end  size  fractions.  It  appears, 
therefore,  that  the  tendency  to  either  size-selective  entrainment  or  equal  entrainment 
mobility  is  dependent  on  local  hydraulic  and  sedimentological  conditions,  and  that 
hiding  functions  should  not  be  based  on  aggregated  data,  nor  applied  uncritically  to 
other  rivers.  Size-dependent  and  size-independent  entrainment  may,  therefore,  represent 
2  Incipient  Motion  Studies:  A  Literature  Review  34 ends  of  a  spectrum  of  possible  initial  motion  conditions.  The  general  consensus  that 
have  emerged  over  the  past  few  years  is  that  particle  mobility  in  sediment  mixtures  is 
governed  more  by  particle  relative  size  than  absolute  size  such  that  entrainment  of 
different  size  fractions  is  closer  to  the  equal  entrainment  mobility  end  of  the  spectrum 
(Powell  1998).  Coarser  particles  are  therefore  slightly  less  mobile  than  finer  particles,  at 
least  at  the  low  excess  shear  stresses  and  transport  intensities  that  predominate  in 
gravel-bed  rivers.  In  spite  of  the  completed  studies,  however,  a  reliable  method  for 
estimating  the  relative  variation  of  critical  shear  stress  for  different  fractions  in  a 
mixture  has  yet  to  be  proposed.  There  is  also  no  method  for  predicting  the  values  of 
ti:  m  or  ti*c50  which  is  needed  for  fractionwise  calculations  when  using  hiding  function  of 
the  form  of  (2.41).  As  is  shown  on  Figure  2.6,  values  of  tic50  for  median  grain  size  dso 
obtained  by  different  researchers  differ  significantly.  Attempts  have  been  made  to  relate 
ipso  to  the  Shields  threshold  curve  (Shields  1936)  derived  for  uniform  sediment  (Neill 
1968b,  Wilcock  and  Southard  1988,  Wilcock  1992,  Kuhnle  1993a,  1993b).  In  many 
studies,  however,  large  departures  of  tc50  from  the  Shields  curve  have  been  observed 
(e.  g.,  Parker  and  Klingeman  1982,  Misri  et  al.  1983,  Komar  1987a,  Garde  and  Ranga 
Raju  1987,  Ashworth  and  Ferguson  1989,  Andrews  1984,1994,  Patel  and  Ranga  Raju 
1999).  In  Figure  2.6,  the  Shields  threshold  curve  is  also  shown  for  comparison.  It  has 
been  concluded  that  the  relative  variation  of  ti:,  within  a  mixture  can  be  estimated  with 
more  accuracy  than  the  actual  value  of  tip;  for  a  particular  size  fraction,  e.  g.,  'r:  so 
(Misri  et  al.  1983,  Garde  and  Ranga  Raju  1987,  Wilcock  1993).  Thus,  the 
development  of  a  method  of  determination  of  r:,  ￿  or  tic  50  requires  further  research. 
2.7  Discussion 
It  is  evident  from  the  literature  review  presented  that  there  are  significant 
differences  among  the  various  studies  on  incipient  motion  of  streambeds.  This  can  be 
seen  in  all  the  figures  presented  above.  The  most  important  reasons  for  these  differences 
are  briefly  discussed  herein. 
One  of  the  most  obvious  sources  of  the  scatter  in  experimental  results  is  the 
difference  in  incipient  motion  definitions.  The  four  most  common  methods  of  defining 
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grain  method,  and  (d)  probabilistic  approach.  Visual  observation  is  a  direct  method  but 
can  be  subjective  depending  on  one's  definition  of  how  much  movement  constitutes 
initial  motion.  The  subjectivity  arises  because  the  entrainment  of  sediment  is  not  a 
sudden  event  but  a  gradual  process  of  bed  mobilization  characterized  by  increasing 
frequency  of  particle  displacement  as  flow  strength  rises.  Various  researchers  have  used 
different  qualitative  definitions  of  critical  (or  threshold)  conditions  such  as  "first 
displacement"  of  a  single  particle  (Neill  1967),  "first  movement  of  a  plane  sediment 
bed"  (White  1970),  "onset  of  movement"  and  "generalized  movement"  (Petit  1994), 
"scattered  particle  movement"  (Rathburn  and  Guy  1967),  "1-2  grains  start  to  move"  and 
"more  or  less  continuous  weak  movement  of  grains"  (Rakoczi  1975),  "incipient 
transport"  (Mantz  1977),  "weak  movement"  (Chiew  and  Parker  1994),  "the  most 
exposed  particle  moves"  (Laursen  2000),  and  "general  movement  on  the  bed"  (USWS 
1935,  Quraishy  1943,  Misri  et  al.  1983).  Kramer  (1935)  defined  four  levels  of  visual 
bed  movement  as  follows: 
1.  None 
2.  Weak  -  ("...  several  of  the  smallest  particles  are  in  motion,  in  isolated  spots, 
and  in  countable  numbers.  ") 
3.  Medium  -  ("...  grains  of  mean  diameter  are  in  motion  in  numbers  too  large  to 
be  countable  ...  movement  is  no  longer  local  in  character.  It  is  not  strong 
enough  to  affect  bed  configuration  and  does  not  result  in  transportation  of  an 
appreciable  quantity  of  material.  ") 
4.  General  -  ("...  grains  up  to  and  including  the  largest  are  in  motion  and 
movement  is  occurring  in  all  parts  of  the  bed  at  all  times.  It  is  sufficiently 
vigorous  to  change  the  bed  configuration  ... 
") 
Experiments  conducted  at  Delft  Hydraulics,  Delft,  Netherlands  (Rijn  1989)  and  by  Graf 
and  Pazis  (1977)  have  demonstrated  that  determined  values  of  critical  shear  stress  may 
vary  significantly  depending  on  what  degree  of  bed  mobility  is  set  as  the  threshold  of 
sediment  motion  (Figure  2.7).  For  example,  Kramer's  (1935)  definitions  of  visual  grain 
motion  (weak,  medium,  and  general)  represent  a  two-fold  difference  in  r*  values.  It  is 
thus  not  surprising  that  the  experimental  data  based  on  visual  estimations  of  threshold 
exhibit  a  considerable  scatter  (see  Figure  1.1). 
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zero  or  low  reference  value.  Shields  (1936)  determined  critical  shear  stress 
corresponding  to  "zero  sediment  transport"  by  extrapolating  backward  measured 
transport  rating  curves.  As  has  been  demonstrated  by  Paintal  (1971),  this  method  can 
lead  to  erroneous  conclusions  if  based  on  insufficient  transport  data.  His  flume  tests 
with  2.5-22.2  mm  gravel  have  shown  that  actually  there  is  no  single  value  of  bed  shear 
stress  below  which  no  sediment  motion  is  observed.  Experiments  by  Taylor  and  Vanoni 
(1972)  and  Unsold  (1982)  indicated  that  the  Shields  curve  corresponds  not  to  zero 
transport  but  to  a  small  observable  transport  rate.  Standardized  definitions  of  incipient 
motion  have  been  proposed  on  the  basis  of  the  number  of  grains  in  motion,  the  area  of 
bed  observed,  and  the  duration  of  observation  (Neill  and  Yalin  1969,  Yalin  1972, 
Wilcock  1988,  Bunte  1992);  however,  these  definitions  have  not  been  widely  adopted, 
probably  because  of  the  difficulty  of  their  practical  application.  Ackers  and  White 
(1973)  and  Parker  et  al.  (1982)  suggested  relating  the  beginning  of  bed  movement  to 
some  small  practically  measurable  sediment  transport  rate  expressed  in  dimensionless 
form,  "below  which  no  significant  transport  is  considered  to  take  place".  The  reference 
transport  approach  is  objective  and  provides  a  deterministic  description  of  first  sediment 
motion.  The  Parker  et  al.  (1982)  reference  transport  criterion  (described  above)  is  now 
widely  used  by  other  investigators  (e.  g.,  Wilcock  and  Southard  1988,  Wilcock  1992, 
1993,  Kuhnle  1992,1993a,  1993b,  Wilcock  and  McArdell  1993,1997,  Wathen  et  al. 
1995,  Wilcock  et  al.  1996,  Andrews  1994).  On  the  other  hand,  Parker  et  al.  (1982) 
criterion  is  criticised  as  giving  higher  mobilized  proportion  of  fine  grains  compared  to 
coarse  grains  (Komar  and  Shih  1992,  Wilcock  and  McArdell  1997).  Also,  values 
determined  from  the  reference  transport  approach  are  sensitive  to  the  extrapolation 
method  used  and  the  particular  reference  transport  value  chosen.  Differences  in  the 
choice  of  dimensionless  reference  transport  rate  used  to  define  incipient  motion  can 
result  in  a  three-fold  variation  of  reference-based  r*  values  [see,  for  example, 
experimental  results  of  Paintal  (1971)].  Despite  this  potential  for  variation,  however, 
Wilcock  (1988)  found  that  reference-based  ti:  values  determined  from  the  Parker  et  al. 
(1982)  and  Ackers  and  White  (1973)  methods  differed  by  only  5%  for  the  same  data  set. 
Kuhnle  (1995)  used  the  both  reference  transport  methods  for  determination  ti:,  in  his 
experiments  with  sand-gravel  sediment  mixtures  and  obtained  very  similar  results. 
Close  agreement  between  different  reference-transport  methods  in  these  studies 
demonstrates  the  potential  reliability  of  reference-transport  approach  in  defining 
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but  at  least  free  from  subjectivity,  is  now  widely  used  for  studying  graded  sediment 
behaviour,  but  nobody  has  attempted  its  application  to  uniform  sediment. 
The  largest-grain  method  relates  critical  flow  conditions  to  the  largest  grain  size 
transported  (e.  g.,  Andrews  1983,  Carling  1983,  Komar  1987a,  1987b,  Ferguson  et  al. 
1989).  This  method  is  sensitive  to  the  size  and  efficiency  of  the  sediment  trap,  sample 
size,  sampling  strategy,  duration  of  the  measurements,  and  availability  of  coarse  grain 
sizes.  Wilcock  (1988)  pointed  out  that  the  maximum  size  of  sediment  transported  is 
likely  to  be  underestimated  because  there  is  a  low  probability  that  the  biggest  particle 
moving  over  an  area  of  bed  will  be  sampled  in  a  finite  time,  even  if  the  sampler  is  big 
enough.  Furthermore,  the  largest-grain  method  is  inappropriate  for  sediment  that 
exhibits  equal  mobility,  as  the  largest-grain  approach  relies  on  selective  transport.  The 
advantage  of  this  method  is  its  applicability  to  streams  in  which  direct  measurements  of 
bedload  transport  are  impossible  and  the  only  way  to  investigate  flow  competence  is  the 
use  of  tracers  (e.  g.,  Wilcock  1997b). 
The  probabilistic  approach  is  a  relatively  new  method  used  to  define  incipient 
motion  of  streambeds.  Recent  studies  have  demonstrated  that  the  stochastic  nature  of 
fluid  turbulence  and  the  variability  of  the  grain  geometry  introduce  a  random  element 
into  sediment  entrainment  (Grass  1970,  Gessler  1971,  Lavelle  and  Mofjeld  1987).  This 
requires  a  probabilistic  description  of  the  phenomenon  in  terms  of  the  probability  of 
sediment  entrainment  or,  in  other  words,  percentage  of  bed  surface  in  motion.  Attempts 
have  been  made  to  related  threshold  conditions  to  the  active  proportion  of  the  bed 
particles.  Based  on  the  experimental  data,  Wilcock  and  McArdell  (1997)  and  Wilcock 
(1997a)  concluded  that  the  active  proportion  of  each  size  fraction  of  0.5  (i.  e.,  50%  of 
grains  in  a  given  fraction  are  moving)  approximates  threshold  conditions  close  to  that 
predicted  by  the  Parker  et  al.  (1982)  reference  transport  method.  However,  the 
relationship  of  mobilized  proportion  of  particles  to  flow  characteristics  and  bedload 
transport  rate  has  not  been  fully  examined.  There  are  also  few  studies  devoted  to 
quantitative  definition  of  the  probability  of  sediment  entrainment.  For  example,  Cheng 
and  Chiew  (1998)  presented  a  theoretically  derived  probability  formulation  for  sediment 
entrainment  and  demonstrated  that  critical  Shields  stress  ti:  =  0.05  was  equivalent  to 
the  probability  of  entrainment  of  approximately  0.6%.  Recently,  Keshavarzy  and  Ball 
(2000)  investigated  the  influence  of  turbulence  on  the  entrainment  of  2  mm  sand 
particles  in  a  35  m  long  by  0.61  m  wide  tilting  flume,  using  motion  picture  photography 
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for  instantaneous  shear  stress  and  for  the  instantaneous  number  of  entrained  particles, 
which  were  used  to  modify  the  Shields  diagram  through  the  addition  of  the  probability 
distribution  function  of  particle  motion.  This  modification  enabled  the  entrainment  of 
particles  with  a  defined  probability  of  occurrence  to  be  obtained  from  the  Shields 
diagram.  According  to  Keshavarzy  and  Ball  (2000)  findings,  the  Shields  threshold  curve 
at  Re.  =  70  corresponds  to  about  10%  of  all  bed  surface  particles  entrained,  with  an 
exceedance  probability  of  50%  (Figure  2.8).  Their  results  were  in  agreement  with  the 
percentage  of  bed  area  in  motion  obtained  by  Petroff  (1993)  for  4.8  mm  particles 
(Re.  =  300).  The  deficiency  of  these  studies  is  the  limited  experimental  basis  and 
absence  of  a  time  element  in  their  definitions  of  proportion  of  mobilized  grains  and 
entrainment  probability.  However,  because  of  randomness  and  intermittence  of 
sediment  motion,  the  percentage  of  the  entrained  particles  (or  probability  of  a  given 
grain  mobilization)  will  depend  on  the  observation  period  (Einstein  1942,  Yalin  1972). 
Differences  in  incipient  motion  definitions  among  and  within  the  different 
methods  are  apparently  the  major  contributors  to  the  observed  scatter  of  experimental 
data  and  differences  among  the  various  studies  (Miller  et  al.  1977,  Wilcock  1988, 
Buffington  and  Montgomery  1997).  The  use  of  different  initial  motion  methods 
described  above  can  produce  strikingly  different  estimates  of  critical  flow  conditions  for 
sediment  incipient  motion,  and  therefore  results  of  studies  employing  different  methods 
should  not  be  mixed  together  and  should  not  be  used  to  confirm  or  deny  each  other. 
Despite  the  importance  of  the  incipient  motion  of  streambeds  in  hydraulic  engineering, 
no  generally  accepted  definition  of  sediment  threshold  exists. 
Initial  bed  conditions  may  also  influence  the  experimental  results.  It  is  known  that 
the  stability  of  a  bed  particle  is  significantly  affected  by  its  relative  protrusion  above  the 
mean  bed  level.  Fenton  and  Abbott  (1977)  demonstrated  experimentally  that  the  critical 
Shields  stress  ti:  for  grains  resting  on  the  top  of  an  otherwise  flat  bed  in  a  turbulent 
stream  was  about  0.01  -  considerably  lower  than  values  of  0.03-0.06  for  beds  where  all 
grains  were  at  the  same  level.  As  the  protrusion  of  a  test  particle  decreased,  the  critical 
Shield  stress  'r  increased  rapidly.  When  the  top  of  the  test  particle  was  0.2  times  the 
particle  diameter  below  the  bed  surface,  ti:  had  increased  by  thirty-fold,  to  a  value  of 
0.3.  The  importance  of  relative  protrusion  and  bed  pocket  geometry  for  incipient  motion 
of  bed  particles  is  also  evident  from  the  analysis  of  Wiberg  and  Smith  (1987).  Church 
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suggested  that  ti:  may  vary  between  0.02  for  "loose"  gravel  to  0.10  for  a  "compacted" 
bed  material.  Therefore,  threshold  for  an  artificially  prepared  "over-loose"  bed  with 
many  protruding  particles  will  be  significantly  lower  compared  to  threshold  for  a  well- 
packed  water-worked  bed. 
Another  source  of  experimental  data  scatter  can  be  the  difference  in  grain  shape. 
Quraishy  (1943)  established  experimentally  that  in  turbulent  rough  flow  critical  shear 
stress  is  higher  for  flat  grains  (ti*  =0.100)  compared  to  near  spherical  grains 
(ti:  =0.045).  Li  and  Komar  (1986)  and  Komar  and  Li  (1986)  measured  variations  of 
pivoting  angles  with  grain  shape  and  demonstrated  that,  for  a  given  grain  size,  the  order 
of  increasing  flow  strength  required  for  entrainment  is  spheres,  ellipsoidal  grains, 
angular  grains,  and  imbricated  ellipsoids.  Gomez  (1994)  observed  the  generally  lower 
mobility  of  flat  gravel  particles  compared  to  angular  and  rounded  gravel  in  a  laboratory 
flume.  He  also  mentioned  that  hiding  functions  might  vary  with  particle  shape.  The 
effect  of  grain  shape  on  sediment  mobility  is  taken  into  account  in  formulas  of 
Schoklitsch  (1914)  for  critical  shear  stress  and  Romanovsky  (1974)  for  critical  flow 
velocity.  However,  Carling  (1983)  concluded  from  field  measurements  in  two  small 
gravel-bed  streams  that  the  influence  of  grain  shape  was  not  important  in  the  initiation 
of  bed  material  motion,  given  the  limited  range  of  natural  grain  shapes.  Natural  alluvial 
deposits  are  usually  composed  of  angular  sand  and  sub-rounded  gravel.  Extreme  shapes 
(flat  and  spherical  particles)  are  not  common  in  rivers  and  are  unlikely  to  be  used  by 
experimentalists  studying  incipient  motion  of  natural  sediments. 
Ignoring  the  influence  of  friction  from  the  flume  sides  and  bed  forms  is  yet 
another  reason  for  the  data  scatter.  In  many  publications,  especially  in  earlier  ones,  there 
is  no  clear  indications  whether  the  corrections  for  the  effect  of  sidewalls  and  bed  forms 
were  made  or  not  (see,  for  example,  data  summary  in  Buffington  and  Montgomery 
1997).  Some  researchers  argued  that  the  flow  in  the  channel  centre  was  the  most 
important  for  sediment  transport  and  the  effective  hydraulic  radius  of  the  bed  R.  in  this 
region  could  be  approximated  by  the  total  flow  depth  h  (e.  g.,  Shields  1936).  However, 
neglecting  the  sidewall  effect  in  flume  studies  with  low  width  to  depth  ratio  (i.  e., 
B/h  <  10)  may  potentially  result  in  erroneous  estimations  of  critical  flow  conditions. 
Carling  (1983)  demonstrated  that  critical  Shields  stress  't:  in  narrow  natural  gravel-bed 
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using  hydraulic  radius  instead  of  depth  for  calculating  'r  at  small  values  of  B/h. 
Ignoring  the  presence  of  bed  forms  in  natural  streams  may  cause  10-75% 
overestimation  of  the  actual  bed  shear  stress  (Parker  and  Peterson  1980,  Prestegaard 
1983,  Hey  1988,  Wilcock  1993).  Although  in  flume  experiments  initially  planar  bed 
surfaces  are  normally  used,  during  the  experiments  with  sediment  transport  different 
bed  forms  may  appear.  If  the  reference  transport  method  is  used,  then  the  results  of 
extrapolation  of  sediment  rating  curves  may  be  influenced  by  the  presence  of  these  bed 
forms,  and  extrapolated  values  may  be  higher  than  that  actually  needed  to  initiate 
movement  in  the  absence  of  bed  forms. 
It  has  also  been  recognized  that  an  apparent  contributor  to  the  systematic 
differences  among  the  data  sets  for  the  various  investigations  is  the  influence  of  relative 
depth  (depth  to  grain  size  ratio,  h/d  )  on  the  threshold  of  grain  motion.  It  is  often  argued 
that  relative  depth  has  little  or  no  effect  on  the  initiation  of  sediment  motion  in  relatively 
deep  flows  (Gessler  1971,  Yalin  1972).  Conversely,  flume  studies  with  coarse  sand  and 
gravel  of  Neill  (1967),  Ashida  and  Bayazit  (1973),  Bathurst  et  al.  (1983,1987),  and 
Misri  et  al.  (1983),  and  field  measurements  of  Carling  (1983)  demonstrated  that  the 
influence  of  relative  depth  on  reported  values  of  critical  shear  stress  can  be  significant, 
especially  for  steep,  shallow  flows  where  the  grain  size  is  comparable  with  the  flow 
depth.  The  results  of  their  studies  clearly  show  that  the  critical  value  of  Shields  stress 
increases  systematically  as  the  ratio  of  critical  depth  to  grain  size  is  reduced  and  that  the 
rate  of  increase  depends  on  channel  slope  (see  also  Shields  1936,  Cheng  1970,  Aksoy 
1973,  Mizuama  1977,  Toni  and  Poesen  1988).  It  should  be  noted  here  that  Shields 
(1936)  originally  assumed  that  his  threshold  diagram  should  be  restricted  to  hid  >  40. 
Attempts  have  been  made  to  develop  a  relationship  between  critical  Shields  stress  and 
relative  depth  (e.  g.,  Ashida  and  Bayazit  1973,  Carling  1983,  Bathurst  et  al.  1983, 
Bettess,  1984,  Graf  and  Suszka  1987).  However,  an  insufficient  volume  of  data  together 
with  the  uncertainty  arising  from  the  subjective  definition  of  critical  conditions  in  most 
studies  prevented  direct  comparison  of  the  data  collected  and,  as  a  result,  did  not  allow 
derivation  of  a  generalized  relation  for  the  effect  of  relative  depth. 
In  comparing  different  hiding  functions,  critical  Shields  stresses  for  median  size  in 
the  distribution  'ccso  based  on  both  bed  surface  and  subsurface  material  are  often  mixed 
altogether  (e.  g.,  Petit  1994,  Komar  1996),  which  lead  to  erroneous  conclusions.  Some 
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analysis  methods,  which  is  also  misleading.  In  most  flume  studies,  fractional  thresholds 
required  to  obtain  a  hiding  function  have  been  derived  using  fractional  transport  rating 
curves  fitted  to  the  data  collected  at  different  slopes  (e.  g.,  Misri  et  al.  1984,  Samaga  et 
al.  1986,  Wilcock  and  Southard  1988,  Wilcock  1992,  Kuhnle  1993a,  1993b,  1995, 
Wilcock  and  McArdell  1993,1997,  Petit  1994,  Patel  and  Ranga  Raju  1996,1999). 
Given  the  possible  effect  of  the  relative  depth  described  above,  this  may  lead  to 
erroneous  results.  It  has  also  been  demonstrated  that  the  observed  variations  in  hiding 
functions  can  be  attributed  to  the  difference  in  the  character  of  the  bed  material  size 
distribution  (Nakagawa  et  al.  1982,  Wilcock  1993,  Kuhnle  1993b,  Pender  and  Li  1995, 
Patel  and  Ranga  Raju  1999).  However,  the  relationship  of  mobility  of  individual  size 
fractions  to  the  grain  size  distribution  is  not  clear  at  present. 
Finally  a  word  of  caution.  It  has  been  recognized  that  the  critical  flow  conditions 
for  the  beginning  of  bed  material  movement  is  significantly  higher  than  that  needed  to 
maintain  movement  once  particles  have  been  entrained  by  the  flow.  For  example,  flow 
velocity  for  the  cessation  of  motion  is  lower  (1.2-1.4  times)  than  the  critical  velocity  for 
bed  material  entrainment  (e.  g.,  Goncharov  1938,1954,  Shamov  1959).  Reid  et  al. 
(1985)  demonstrated  that  in  the  gravel-bedded  Turkey  Brook  the  depositional  threshold, 
on  average,  is  only  35%  of  the  entrainment  threshold  when  expressed  in  terms  of  bed 
shear  stress,  and  20%  when  expressed  in  terms  of  stream  power.  Thus,  these  two 
different  phenomena  should  not  be  confused. 
2.8  Conclusions 
Despite  almost  a  century  of  incipient  motion  studies  there  remains  a  lack  of 
knowledge  on  sediment  thresholds  appropriate  for  fully  turbulent  flow  and  steep  slopes 
with  low  relative  depth  typical  of  gravel-bed  rivers.  The  literature  review  given  above 
demonstrates  that  there  is  a  number  of  empirical  and  semi-theoretical  methods  for 
calculating  different  critical  flow  characteristics  (flow  velocity,  bed  shear  stress,  stream 
power,  and  water  discharge)  for  incipient  motion  of  streambeds.  Among  the  methods 
available,  the  Shields  threshold  diagram  is  one  of  the  most  widely  used  for  predicting 
threshold  conditions  for  incipient  motion  of  uniform  sediments.  The  Shields  diagram  is 
based  on  the  critical  shear  stress  concept,  which  is  much  better  elaborated  than  others. 
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(depth  and  slope),  which  are  relatively  easier  to  measure  compared  to  dynamic 
characteristics  (velocity).  This  makes  the  shear  stress  approach  attractive  for  design 
practice.  The  main  deficiencies  of  the  Shields  threshold  diagram  are  the  absence  of  a 
strict  objective  definition  of  the  threshold  conditions  and  non-consideration  of  the  effect 
of  relative  depth  on  sediment  mobility.  These  two  factors  are  apparently  the  major 
contributors  to  the  scatter  of  experimental  data  in  the  diagram,  resulting  in  a  wide  range 
of  threshold  conditions  for  rough  turbulent  flow  being  proposed.  To  improve  the 
accuracy  of  predictions  and  to  eliminate  the  subjectivity,  it  is  necessary  to  approach  the 
problem  probabilistically  and  to  investigate  experimentally  in  detail  the  effect  of 
relative  depth,  which  has  received  little  attention  in  the  literature  to  date.  A  combined 
experimental  study  of  incipient  sediment  motion  and  flow  turbulent  structure  is 
desirable  to  improve  understanding  of  the  effect  of  the  flow  turbulence  on  bed  material 
mobility. 
The  threshold  of  individual  fractions  within  graded  sediments  is  determined  using 
hiding  functions,  accounting  for  hiding  and  exposure  effects.  It  is  now  generally 
established  that  the  behaviour  of  different  size  fractions  is  largely  controlled  by  their 
relative  size  with  respect  to  the  median  grain  size.  However,  opinions  differ  on  the 
character  of  the  hiding  function  and  its  relation  to  the  grain  size  distribution.  Proposed 
functions  give  a  wide  range  of  fractional  thresholds,  and  none  of  them  is  generally 
accepted.  There  is  also  no  reliable  method  for  predicting  the  threshold  for  median-sized 
particles  in  a  sediment  mixture,  which  is  required  for  fractionwise  calculations.  More 
investigations  on  the  matter  are  needed.  These  should  cover  a  wide  range  of  grain  size 
distributions  and  flow  conditions.  A  probabilistic  description  of  incipient  motion  of 
different  size  fractions  should  be  provided.  Scaling  on  the  bed  surface  data  should  be 
made,  as  the  surface  layer  is  the  direct  source  for  bedload  transport.  Bedload  transport 
data  should  be  collected  at  a  variety  of  bed  slopes  to  study  the  effect  of  the  relative 
depth  on  mobility  of  different  size  fractions  within  graded  sediments. 
Clarifying  the  problems  outlined  above  comprise  the  main  objectives  of  this 
thesis. 
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d.  IA  Grain  shape  coefficient  0 
0.55  0.60  0.70  0.80  0.90  1.00 
0.7  2.70  2.70  2.60  2.40  2.40  2.30 
0.8  2.30  2.20  1.90  1.60  1.60  1.30 
0.9  1.85  1.72  1.55  1.38  1.10  0.80 
1.0  1.67  1.58  1.40  1.20  0.92  0.70 
2.0  1.10  1.01  0.90  0.75  0.58  0.34 
3.0  0.93  0.88  0.79  0.66  0.48  0.27 
4.0  0.85  0.82  0.73  0.61  0.45  0.24 
5.0  0.82  0.78  0.70  0.58  0.42  0.22 
6.0  0.80  0.75  0.67  0.56  0.40  0.21 
7.0  0.77  0.74  0.66  0.55  0.40  0.20 
8.0  0.75  0.73  0.64  0.54  0.39  0.20 
9.0  0.74  0.72  0.63  0.53  0.39  0.20 
10  0.73  0.70  0.62  0.52  0.38  0.20 
20  0.70  0.65  0.58  0.49  0.36  0.19 
30  0.67  0.63  0.56  0.47  0.35  0.18 
40  0.65  0.62  0.54  0.45  0.34  0.18 
50  0.64  0.60  0.53  0.44  0.33  0.18 
60  0.62  0.57  0.51  0.43  0.33  0.17 
70  0.61  0.56  0.50  0.42  0.32  0.17 
80  0.60  0.56  0.50  0.41  0.32  0.17 
90  0.60  0.56  0.49  0.41  0.32  0.17 
100  0.59  0.55  0.49  0.40  0.31  0.17 
200  0.54  0.50  0.45  0.38  0.29  0.16 
300  0.50  0.47  0.43  0.37  0.27  0.16 
400  0.48  0.45  0.42  0.36  0.26  0.16 
500  0.46  0.44  0.40  0.35  0.25  0.15 
Table  2.2  Bed  Roughness  Height  Coefficient  CA  (Romanovsky  1974) 
so  1.20  1.30  1.40  1.50  1.60  1.7  1.80  2.00 
C,  &  0.87  0.71  0.53  0.39  0.32  0.27  0.24  0.20 
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Figure  2.7  Experimental  results  of  Delft  Hydraulics  (after  Rijn  1989)  and 
Graf  and  Pazis  (1977): 
A-  occasional  particle  movement  at  some  locations, 
B-  frequent  particle  movement  at  some  locations, 
C-  frequent  particle  movement  at  many  locations, 
D-  frequent  particle  movement  at  nearly  all  locations, 
E-  frequent  particle  movement  at  all  locations, 
F-  permanent  particle  movement  at  all  locations, 
G-  general  transport  (initiation  of  ripples). 
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Experimental  Programme,  Research 
Facilities  and  Apparatus 
3.1  Experimental  Programme 
The  experimental  part  of  the  present  study  was  carried  out  using  two  laboratory 
research  facilities  having  different  dimensions  and  characteristics.  These  facilities 
included  a  tilting  Armfield  flume  in  the  Department  of  Civil  Engineering,  University  of 
Glasgow,  and  a  large  flume  at  Hydraulic  Research  Ltd,  Wallingford,  U.  K.  (HR 
Wallingford).  The  experimental  programme  was  designed  to  study  various  aspects  of 
incipient  motion  and  near-to-threshold  transport  for  a  wide  range  of  uniform  and  graded 
sands  and  gravels  typical  of  gravel-bed  rivers.  Three  sets  of  experiments  were 
conducted.  The  first  one  was  concerned  with  coarse  uniform  sediments.  This  set  of 
experiments  was  carried  out  in  the  Armfield  flume  and  was  aimed  at  providing  a  basis 
for  studying  the  behaviour  of  graded  sediments.  The  second  set  of  experiments 
examined  incipient  motion  of  sediment  mixtures  having  different  grain  size 
distributions.  The  major  part  of  the  experiments  was  conducted  in  the  Armfield  flume, 
with  supplementary  tests  undertaken  in  the  HR  Wallingford  flume.  During  the 
experiments  with  both  uniform  and  graded  sediments,  several  flume  slopes  were  used 
and,  for  each,  a  number  of  runs  were  made  with  the  flow  varying  between  a  very  low 
one  with  almost  no  sediment  transport,  and  one  which  moved  a  substantial  portion  of 
the  bed  material.  The  variables  measured  were  bed  slope,  water  discharge,  flow  depth, 
water  temperature,  active  proportion  of  the  bed  particles  (only  for  uniform  sediments), 
sediment  transport  rate,  bedload  grading  (for  graded  sediments),  initial  and  final 
composition  of  bed  surface  (for  graded  sediments),  and  bed  topography.  The  third  set  of 
experiments  was  undertaken  to  study  the  turbulent  structure  of  the  flow  over  the  flat  bed 
composed  of  uniform  gravels.  This  set  included  flow  visualisation  experiments  and 
measurements  of  flow  velocity  fluctuations  near  the  bed  at  different  states  of  bed 
mobility.  The  experiments  were  conducted  in  the  Armfield  flume  using  a  flow 
3  Experimental  Programme,  Research  Facilities  and  Apparatus  53 visualisation  technique  developed  at  the  Department  of  Civil  Engineering,  University  of 
Glasgow.  The  experimental  programme  for  each  set  of  experiments  was  initially 
designed  in  very  general  terms  and  then  was  constantly  corrected  and  modified 
according  to  the  results  obtained,  which  were  difficult  to  predict  given  existing 
uncertainty  in  the  subject. 
Additional  graded  sediment  transport  data  analysed  in  the  present  study  were 
collected  during  a  series  of  experiments  undertaken  by  Universities  of  Glasgow  and 
Aberdeen  in  the  same  HR  Wallingford  flume  during  1995-96  (Fuller  1998).  These 
experiments  were  designed  to  produce  a  marginal  transport  of  a  widely  graded  bed 
material  when  only  selective  fractions  of  the  bed  were  transported.  The  aim  of  these 
experiments  was  to  study  equilibrium  and  non-equilibrium  graded  sediment  behaviour 
under  different  flow  conditions.  The  experiments  were  conducted  in  the  same  HR 
Wallingford  flume  using  the  same  apparatus  as  in  the  present  experimental  study.  The 
author  of  this  thesis  actively  participated  in  these  experiments  during  a  four-month 
scientific  visit  to  HR  Wallingford  in  1996. 
The  following  is  a  description  of  the  flumes  and  apparatus  used  for  collecting  the 
experimental  data,  and  bed  materials  investigated.  All  the  measuring  equipment 
employed  in  HR  Wallingford  tests  was  commissioned  by  the  Universities  of  Glasgow 
and  Aberdeen  (Fuller  1998).  Experimental  procedures  were  different  for  each  set  of 
experiments  and  used  different  measuring  equipment.  The  experimental  procedures  are 
detailed  later  in  the  appropriate  chapters:  Chapter  4  for  with  uniform  sediments,  Chapter 
5  for  graded  sediments,  and  Chapter  6  for  flow  turbulence. 
3.2  Armfield  Flume 
3.2.1  Installation 
The  Armfield  flume  is  8m  long  (effective  working  length  6.5  m),  0.3  m  wide  and 
0.3  m  deep  (Figures  3.1  and  3.2).  The  flume  is  rectangular  in  cross-section,  with  glass 
walls  and  a  smooth  steel  floor.  The  flume  is  supported  on  a  pivot  at  the  centre  and  a 
manually  operated  mechanical  jack  at  the  upstream  end.  It  can  be  tilted  about  the  pivot 
to  slopes  between  -0.0050  and  0.0350.  The  slopes  can  be  approximately  set  using  a 
graduated  scale  and  then  have  to  be  checked  and  corrected  using  levelling. 
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electrically  powered  pump  capable  of  producing  a  flow  up  to  about  30  litres  per  second. 
Water  is  pumped  from  two  sumps  beneath  the  flume  to  a  head  tank  at  the  upstream  end 
of  the  flume  through  a  return  pipe.  The  head  tank  is  filled  with  -20  mm  diameter  glass 
spheres  to  minimize  turbulence  at  the  entrance.  In  addition,  an  array  of  cylindrical  flow 
straightening  tubes  is  placed  at  the  flume  entrance.  The  water  flow  enters  the  head  tank 
from  beneath,  then  passes  down  the  flume,  falls  into  a  collection  tank,  and  returns  to  the 
sumps.  The  water  level  in  the  flume  can  be  controlled  by  means  of  an  adjustable  tailgate 
at  the  outlet  end  of  the  flume.  The  tailgate  is  operated  as  a  cable-draw  bridge  with  a 
crank  handle. 
A  sediment  bed  was  laid  in  the  flume  and  levelled  using  a  screed  board  supported 
on  cylindrical  instrument  rails  installed  on  the  top  of  flume  sides  parallel  to  the  flume 
bed.  To  prevent  local  scour,  0.7  m  of  the  bed  near  the  inlet  and  0.2  m  near  the  outlet 
were  made  immobile.  The  total  length  of  the  sediment  bed  in  the  flume  was  5.6  m,  the 
thickness  being  about  5  cm. 
3.2.2  Bedload  sampling  equipment 
The  flume  is  equipped  with  a  removable  transparent  sediment  trap  for  sampling 
bedload  (Figure  3.3).  The  trap  is  100  cm  deep  by  15  cm  wide  with  a  streamwise  length 
of  30  mm,  and  it  is  located  at  a  distance  of  5  in  from  the  inlet  end  of  the  flume.  The  trap 
was  placed  on  a  jack  and,  when  jacked,  was  pressed  firmly  to  an  opening  in  a 
cylindrical  valve  fitted  beneath  a  150  x  30  mm  sampling  slot  cut  in  the  flume  floor.  A 
perspex  box  open  at  the  bottom  and  top  was  fixed  above  the  sampling  slot.  The  upper 
edge  of  this  box  was  made  adjustable  and  was  set  about  half  of  the  grain  diameter  lower 
than  the  average  level  of  the  top  of  the  bed  particles.  During  the  runs,  the  trap  could  be 
isolated  from  the  flow  by  means  of  the  cylindrical  valve,  which  allowed  collection  of  a 
series  of  consecutive  bedload  samples  without  disturbance  to  the  flow  and  sediment 
transport.  The  volume  above  the  valve  was  used  to  accumulate  bedload  during 
exchanging  and  emptying  the  trap. 
Bedload  samples  collected  were  weighed  using  electrical  scales  (accuracy  0.1  g) 
and,  when  required,  sieved  using  a  set  of  standard  sieves. 
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Water  discharge  in  the  flume  is  determined  using  a  built-in  current  meter  in  the 
flow  return  pipe.  The  current  meter  is  connected  to  a  calibrated  pointer  indicator.  The 
readings  are  in  litres  per  second,  with  the  minimum  measurable  flow  of  about  0.3  Ls 
and  accuracy  of  0.1  Ls. 
Supplementary  measuring  equipment  includes  a  moving  pointer  gauge  used  to 
measure  bed  and  water  surface  elevations  with  accuracy  of  0.1  mm. 
A  mini-propeller  meter  was  also  used  to  measure  time-averaged  streamwise  flow 
velocity.  This  measuring  device  consisted  of  a  propeller  meter  installed  inside  a  14  mm 
ring  on  the  end  of  a  long  thin  rod  and  a  digital  data  logger.  The  readings  were  in  Hertz 
and  could  be  converted  to  the  local  flow  velocity  using  a  calibrated  chart. 
A  measuring  tape  was  attached  along  the  flume  for  the  identification  of  the  flume 
and  bed  areas  investigated.  In  addition,  vertical  scales  were  attached  to  the  flume  walls 
at  different  locations  along  the  flume  for  measuring  flow  depth. 
Water  temperature  was  measured  to  0.1  °C  by  means  of  a  thermometer. 
3.2.4  Apparatus  for  registration  of  fluorescent  tracer  motion 
A  still  camera  was  used  to  detect  the  motion  of  particles  coated  with  fluorescent 
paint  during  some  of  the  experiments.  The  photographs  were  taken  in  ultra-violet  light 
with  different  exposure,  which  allowed  tracking  moving  fluorescent  tracers  on  the 
photographs.  The  camera  attached  on  the  top  of  a  metal  supporting  frame  and  ultra- 
violet  (UV)  lamps  used  for  registration  of  fluorescent  particle  motion  is  shown  in  Figure 
3.4. 
3.2.5  Flow  visualization  apparatus 
Special  equipment  was  designed  and  constructed  at  the  Department  of  Civil 
Engineering,  University  of  Glasgow,  for  flow  visualization  studies.  A  movable  carriage 
in  the  form  of  a  closed  metal  box  having  dimensions  65  x  40  x  25  cm  was  made  and 
contained  two  2000  W  halogen  lamps  covered  above  with  a  reflective  sheet  and  two 
fans  for  air-cooling  (Figure  3.5).  The  bottom  of  the  box  had  a  long  and  narrow  slot 
producing  about  0.5  m  long  by  5  mm  wide  light  sheet  from  the  lamps.  The  bottom  plate 
was  made  movable  in  cross-sectional  direction  so  that  the  light  sheet  could  be 
positioned  at  any  location  across  the  flume.  The  light  sheet  was  used  to  illuminate  a  thin 
vertical  slice  of  the  flow  seeded  with  neutrally  buoyant  0.5-1.5  mm  spherical  plastic 
3  Experimental  Programme,  Research  Facilities  and  Apparatus  56 beads  to  highlight  the  turbulent  structure  of  the  flow  (Figure  3.6).  The  carriage  was 
supported  on  C-shape  bearings  providing  a  smooth  movement  of  the  carriage  along  the 
flume's  cylindrical  instrument  rails.  The  movement  of  the  carriage  was  controlled  with 
a  computer  monitored  stepper  motor  attached  to  the  carriage  and  running  on  a  rack  fixed 
to  the  flume.  The  motor  was  driven  at  the  desired  pre-set  speed,  which  provided  a 
facility  for  the  "sliding  filming"  of  the  flow.  Recordings  of  the  neutrally  buoyant  tracer 
motion  were  made  through  the  transparent  flume  wall  with  a  digital  video  camera 
operating  at  25  frames  per  second  (Figure  3.7)  and  a  digital  still  camera  using  a  1/4  sec 
exposure  mounted  on  a  supporting  frame  attached  to  the  carriage.  Both  cameras  were 
controlled  using  a  computer.  The  videos  and  images  were  directly  downloaded  to  the 
computer  in  a  digital  format  for  subsequent  analysis.  Simultaneously,  they  were 
projected  on  a  large  TV-screen  to  provide  tuning  of  the  recording  equipment  and  for 
demonstration  purposes. 
3.2.6  Flow  turbulence  apparatus 
Turbulence  characteristics  of  the  flow  were  measured  using  a  down-looking  three- 
dimensional  computer  operated  SONTEK  Acoustic  Doppler  Velocimeter,  or  ADV  (see 
Figure  3.1).  The  ADV  system  consists  of  a  signal  conditioning  module,  a  probe  with  an 
acoustic  transmitter  and  three  acoustic  receivers,  and  an  ADV  processor  (Figure  3.8). 
The  sampling  volume  is  located  5-6  cm  below  the  transmit  transducer.  The  ADV 
operates  at  sampling  rate  of  25  Hertz  and  provides  collection  of  instantaneous  local  flow 
velocity  data  in  three  directions  (streamwise,  vertical,  and  transverse). 
3.3  HR  Wallingford  Flume 
3.3.1  Installation 
HR  Wallingford  flume  is  25  m  long  by  2.46  m  wide  (Figure  3.9).  The  flume  is 
rectangular  in  cross-section  with  metal  walls.  It  can  be  tilted  by  means  of  mechanical 
jacks  operated  by  two  electrically  driven  shafts.  A  calibrated  revolution  counter,  on  the 
electric  motor,  enabled  the  flume  slope  to  be  set. 
Water  is  re-circulated  through  the  flume  using  three  electrically  powered  pumps. 
Two  of  the  pumps  have  a  maximum  discharge  of  100  litres  per  second  and  the  third, 
smaller  pump,  a  maximum  discharge  of  10  litres  per  second.  The  pumps  are  located  at 
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sump  to  the  upstream  end  of  the  flume  through  a  pipe  network  beneath  the  flume.  At  the 
upstream  end  of  the  flume  the  two  larger  pump  discharges  are  split,  and  enter  the  flume 
symmetrically  either  side  of  the  flume  centre  line.  The  small  pump  discharge  enters 
along  the  centre  line.  A  woven  fibre  (hairlock)  barrier  was  installed  at  the  flume 
entrance  to  provide  a  stilling  basin  and  some  dampening  of  the  flow  turbulence.  The 
flow  then  passes  down  the  flume,  through  the  test  section,  and  returns  to  the  sump.  A 
tailgate  is  placed  across  the  full  width  at  the  downstream  end  of  the  flume  and  is 
operated  as  a  cable-draw  bridge  with  a  crank  handle.  This  is  used  to  control  the  water 
surface  profile  in  the  flume. 
Box  section  instrument  rails  were  installed  on  the  top  of  the  flume  walls  and  were 
made  parallel  to  each  other  and  parallel  to  the  flume  bed.  A  steal  measuring  tape  was 
attached  to  each  of  the  rails  with  0.0  m  chainage  at  the  upstream  end  of  the  channel. 
This  enabled  the  identification  of  areas  of  the  flume  by  rail  chainage. 
Within  the  flume  an  18.7  m  long  trapezoidal  concrete  straight  channel  with 
symmetrical  flood  plains  was  cast  and  filled  with  a  17.5  cm  layer  of  bed  material 
(Figure  3.10).  The  channel  had  a  top  width  of  1.10  m,  450  side  slopes,  a  movable  bed 
width  of  0.80  m,  and  a  depth  of  0.15  m.  After  the  bed  material  to  be  examined  was 
placed  in  the  channel,  it  was  levelled  using  two  screed  boards  of  successively  lower 
levels.  Both  screed  boards  rested  on  the  concrete  flood  plains  so  the  initial  prepared  bed 
for  each  experiment  was  at  the  same  level  below  the  flood  plains.  Coarse  non- 
transportable  gravel  was  placed  in  the  channel  at  the  upstream  end  to  accelerate  the 
development  of  a  turbulent  flow.  A  concrete  block  was  cast  across  the  channel  just 
downstream  of  the  traps  (described  below)  to  provide  a  common  datum  for  in-channel 
measurements.  The  block  was  slightly  lower  in  height  than  the  sediment  bed  level  so 
that  it  would  cause  minimal  disturbance  to  the  flow  around  the  trap  location. 
3.3.2  Bedload  transport  traps 
A  trap  system  was  installed  transversely  across  the  whole  mobile  bed  width  at 
chainage  16.7  m  to  provide  collection  of  all  bedload  transported.  The  system  consisted 
of  three  transparent  traps  beneath  the  flume,  a  waste  box,  and  barrel  valves  (Figure 
3.11).  Each  trap  was  70  cm  deep  and  19.6  cm  wide  with  a  25  mm  sampling  slot.  The 
traps  were  open  at  the  top  and  bottom,  and  during  the  sampling  were  connected  to  the 
valves  orifice  and  the  opening  in  the  waste  box.  The  sampling  was  controlled  by  the 
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could  be  isolated  from  the  flow  in  the  channel  by  means  of  the  barrel  valves.  When  this 
was  done,  each  trap  could  be  removed  and  the  sample  recovered  without  disturbance  to 
the  flow  and  sediment  transport.  The  waste  box  was  used  to  store  material  collected 
during  the  initial  stages  of  the  experiments,  when  required  flow  regime  was  being 
established,  and  during  non-continuous  sampling.  This  trap  system  was  developed  at  the 
University  of  Glasgow,  U.  K.,  from  the  system  proposed  by  Hardwick  and  Willetts 
(1991). 
3.3.3  Instrument  carriages 
The  flume  was  equipped  with  two  movable  instrument  carriages,  supported  on 
roller  bearings  and  running  along  the  full  length  of  the  experimental  channel  on  the 
instrument  rails.  (Figure  3.12).  This  allowed  various  measurements  to  be  made  at  any 
position  along  and  across  the  channel.  The  first  carriage  was  made  of  aluminium  angles 
and  gusset  plates  in  the  form  of  a  bridge  truss.  From  this  instrument  carriage  flow 
velocity,  water  surface  elevations,  and  longitudinal  bed  profiles  were  measured. 
The  second  smaller  instrument  carriage,  in  the  form  of  a  flat  bridge  across  the 
flume,  was  used  as  a  base  for  taking  photographs  of  the  bed  surface  texture  during  the 
experiments.  This  carriage  was  equipped  with  a  photographic  frame  and  an  adjustable 
suspended  glass  plate  enabling  photographs  to  be  taken  through  the  water  surface 
without  reflection. 
3.3.4  Flow  measuring  apparatus 
Water  discharge  in  the  flume  was  determined  using  orifice  plates  contained  in 
flow  return  pipes  beneath  the  flume.  By  measuring  the  head  loss  across  the  orifice  plates 
it  was  possible  to  calculate  the  discharge  through  the  network.  Measurement  of  the  head 
difference  was  taken  using  a  computer  monitored  pressure  transducer.  Before  the 
measurements,  the  air  had  to  be  bled  from  the  downstream  side  of  the  orifice  plates,  the 
pipes  connecting  the  two  sides  of  the  orifice  plates  to  the  pressure  transducer,  and  the 
pressure  transducer  itself.  This  was  done  using  bleed  valves  on  the  pipe  network  and  the 
through  flow  facility  on  both  sides  of  the  pressure  transducer.  Once  all  the  air  was 
removed  from  the  system,  discharge  through  each  of  the  pipes  in  use  was  measured  for 
a  period  of  time  and  averaged. 
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instrument  carriage  (Figure  3.13).  Additional  measurements  were  made  using  pressure 
tappings  moulded  into  the  channel  banks  at  various  chainages  down  the  flume.  The 
outer  ends  of  these  tappings  were  connected  to  stilling  pots  from  which  water  surface 
levels  could  be  monitored  using  digital  pointer  gauges. 
Flow  velocity  distributions  were  measured  by  means  of  three  miniature  propellers 
attached  to  the  upstream  side  of  the  instrument  carriage  (Figure  3.13).  The  centre  of 
each  propeller  was  at  the  same  horizontal  level  across  the  channel.  The  transverse 
position  of  the  propellers  was  fixed,  but  they  could  be  moved  vertically  by  means  of  an 
electronic  stepper  motor.  Data  acquisition  for  the  velocity  profiles  and  vertical 
movement  of  the  mini-propellers  were  all  computer  monitored. 
Water  temperature  was  measured  using  an  electronic  temperature  probe  to  0.1  °C. 
3.3.5  Longitudinal  bed  profile  apparatus 
Longitudinal  bed  profiles  were  measured  using  three  lasers  and  a  wire 
potentiometer,  all  mounted  on  the  instrument  carriage  (Figure  3.14).  LAS-8010V  lasers 
were  used  with  a  measurement  range  of  +/-  40  mm,  a  resolution  of  50  pm,  an  ellipsoid 
spot  diameter  less  than  1  mm,  and  a  response  time  of  20  ms.  The  lasers  were  housed  in 
stream  lined  farings  attached  to  a  frame  on  the  downstream  side  of  the  instrument 
carriage.  This  frame  was  driven  by  an  electric  motor  to  position  the  lasers  above  the 
water  surface  within  reading  distance  from  the  bed.  The  wire  from  the  potentiometer 
was  attached  to  the  instrument  carriage  and  fixed  to  the  upstream  end  of  the  flume. 
During  the  bed  profiling,  the  instrument  carriage  was  pushed  along  the  flume.  The 
readings  from  the  lasers  were  recorded  in  a  personal  computer  and  related  to  a 
potentiometer  reading,  and  therefore  a  chainage.  By  starting  each  longitudinal  bed 
profile  over  the  concrete  block  datum  it  was  possible  to  relate  bed  profiles  to  each  other 
and  to  the  water  surface. 
3.3.6  Sediment  feeder 
The  flume  was  equipped  with  a  mechanical  conveyor  belt  feeder  for  feeding 
sediment  at  the  upstream  end  of  the  flume.  The  speed  of  the  conveyor  belt  could  be 
changed  according  to  the  required  sediment  feed  rate. 
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The  sediments  used  in  the  experiments  consisted  of  natural  sand  and  well-rounded 
gravel  typical  of  alluvial  bed  material  (relative  density  2.60-2.65).  The  sediments  were 
thoroughly  sieved  to  obtain  eight  essentially  uniform  fractions  ranging  in  size  from  1 
mm  to  14  mm,  which  were  then  mixed  in  required  proportions  to  get  mixtures  of 
predetermined  gradation.  The  graded  bed  materials  were  thoroughly  mixed  using  hand 
measured  quantities  of  each  size  fractions  either  manually  or  in  a  small,  clean  mixer. 
The  mixing  was  made  in  small  amounts  at  a  time  to  reduce  the  likelihood  of  a  badly 
mixed  bed  material.  The  physical  characteristics  of  experimental  uniform  sediments  are 
given  in  Table  3.1.  The  experimental  graded  bed  materials  are  summarized  in  Table  3.2, 
where  mixture  geometric  standard  deviation  is  defined  as  ßg  =  d84/d16 
The  range  of  graded  sediments  was  designed  to  study  the  influence  of  the 
parameters  defining  the  shape  of  sediment  grain  size  distribution  (e.  g.,  mixture  sorting, 
skewness,  and  bimodality)  on  the  mobility  of  individual  size  fractions.  The  effect  of 
mixture  sorting  alone  was  examined  using  three  mixtures,  N-1,  N-2,  and  N-3,  having 
the  same  median  size  (4.3-4.5  mm)  as  one  of  the  uniform  sediments  tested  and  a  similar 
character  of  grain  size  distribution  (normal),  but  with  different  values  of  mixture 
standard  deviation.  Two  sediment  mixtures,  F  and  C,  had  skewed  distributions,  with 
modes  in  the  fine  and  coarse  ends  of  the  mixtures,  accordingly.  Mixture  B  was 
characterized  by  bimodal  grain  size  distribution.  Grain  size  distributions  of  the 
experimental  sediment  mixtures  are  given  in  Tables  3.3-3.4  and  in  Figure  3.15. 
Cumulative  grading  curves  are  shown  in  Figure  3.16. 
The  incipient  motion  of  all  uniform  sediments  and  the  six  sediment  mixtures  was 
studied  in  the  Armfield  flume.  The  experiments  in  the  HR  Wallingford  flume  were 
undertaken  to  investigate  the  behaviour  of  a  widely  graded,  weakly  bimodal  sediment 
(mixture  HR  in  Table  3.2  and  Figures  3.15-3.16)  with  grain  sizes  ranging  from  0.25  to 
22.2  mm.  This  mixture  was  mainly  composed  of  the  same  material  used  in  the  Armfield 
flume  tests  with  adding  fine  and  medium  sand  fractions. 
The  use  of  uniform  and  graded  sediment  of  the  same  origin  provided  a  direct 
comparison  between  the  experimental  results. 
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No.  Sediment  Size  Range 
(mm) 
Mean  Size 
d 
(mm) 
Density 
Ps 
(kg  m  3) 
Porosity 
p 
Grain 
Shape 
1  Coarse  sand  1.0-2.0  1.5  2650  0.47  angular 
2  Fine  gravel  2.0-2.8  2.4  2600  0.38  angular 
3  "Pea"  gravel  2.8-4.0  3.4  2650  0.47  rounded 
4  "Pea"  gravel  4.0-5.0  4.5  2650  0.47  rounded 
5  "Pea"  gravel  5.0-6.3  5.65  2650  0.47  rounded 
6  Marine  gravel  6.3-8.0  7.15  2600  0.38  rounded 
7  Marine  gravel  8.0-10.0  9.0  2600  0.38  rounded 
8  Marine  gravel  10.0-14.0  12.0  2600  0.38  rounded 
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No.  Designation  Size  Distribution 
Geometric 
Standard  Mixture 
d  16  d  5o  d  84  Deviation  Type 
(mm)  (mm)  (mm)  6g 
1  N-1  3.7  4.5  5.8  1.25  Normal 
2  N-2  2.7  4.5  6.9  1.60  Normal 
3  N-3  2.2  4.3  8.0  1.91  Normal 
4  F  1.4  2.6  6.0  2.07  Skewed  (fine) 
5  C  3.8  6.4  8.6  1.50  Skewed  (coarse) 
6  B  1.7  4.1  7.7  2.13  Bimodal 
7  HR*  0.83  4.3  7.36  2.98  Weakly  bimodal 
*  HR  Wallingford  flume 
Table  3.3  Size  Distribution  of  Sediment  Mixtures  as  Percentage  of  Total 
Size  Range 
Mix  1.0-2.0  2.0-2.8  2.8-4.0  4.0-5.0  5.0-6.3  6.3-8.0  8.0-10.0  10.0-14.0 
(mm)  (mm)  (mm)  (mm)  (mm)  (mm)  (mm)  (mm) 
N-1  1.10  2.95  15.70  49.10  17.55  8.90  2.75  1.95 
N-2  6.10  9.83  17.70  26.90  15.50  13.27  6.37  4.33 
N-3  12.47  12.50  13.87  15.60  12.63  14.03  10.77  8.13 
F  34.65  19.85  14.45  11.00  7.55  6.25  3.20  3.05 
C  3.05  3.20  5.95  11.20  16.45  31.65  18.75  9.75 
B  20.65  14.10  8.25  9.00  10.00  24.55  7.10  6.35 
Table  3.4  Size  Distribution  of  Sediment  Mixture  HR 
Size  Range  (mm)  <0.25  0.25-0.36  0.36-0.5  0.5-0.71  0.71-1.0  1.0-1.4 
Percentage  4.50  4.91  3.20  2.42  1.72  1.67 
Size  Range  (mm)  1.4-2.0  2.0-2.8  2.8-4.0  4.0-5.6  5.6-8.0  8.0-9.5 
Percentage  2.16  4.57  19.90  26.41  17.09  4.08 
Size  Range  (mm)  9.5-12.7  12.7-15.9  15.9-19.1  19.1-22.2  >22.2 
Percentage  3.56  2.16  0.65  1.00  0.00 
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Flow  illumination  unit Figure  3.6  Motion  of  neutrally  buoyant  tracers  illuminated  by  0.5  m  long  and  5  mm 
wide  light  sheet  produced  by  halogen  lamps  contained  inside  movable  carriage 
(Armfield  flume). 
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Figure  3.7  Digital  video  camera  attached  to  movable  carriage  for  registration  ot- ;  or 
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Figure  3.8  Acoustic  Doppler  Velocimeter  (diagram). 
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High-frequency  cable Figure  3.9  HR  Wallingford  flume  (looking  upstream). 
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Figure  3.10  Channel  cross-section  (HR  Wallingford  flume). 
Figure  3.11  Sediment  traps  (HR  Wallingford  flume). 
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3  Experimental  Programme,  Research  Facilities  and  Apparatus  72 Figure  3.13  Mini-propellers  and  water  surface  pointer  gauge  (HR  Wallingford  flume). 
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Figure  3.14  Longitudinal  lasers  (HR  Wallingford  flume). 50 
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Incipient  Motion  of  Coarse  Uniform 
Sediments 
"When  you  try  to  explain  the  behaviour  of  water, 
remember  to  demonstrate  the  experiment  first  and 
the  cause  next.  " 
(Leonardo  da  Vinci) 
4.1  Threshold  Conditions 
Consider  a  plane  bed  consisting  of  cohesionless  uniform  particles  with  turbulent 
water  flowing  over  it.  The  flowing  water  will  exert  fluctuating  hydrodynamic  forces  on 
the  bed  particles  that  tend  to  displace  them.  When  a  bed  particle  is  unable  to  resist  the 
destabilising  hydrodynamic  forces,  it  is  entrained  and  starts  to  move.  The  entrainment 
threshold  for  each  particle  resting  in  the  top  layer  of  the  bed  is  controlled  by  the  grain's 
size,  shape,  and  location  among  the  surrounding  particles.  Because  both  turbulent 
fluctuations  and  individual  grain  characteristics  are  randomly  distributed,  the  process  of 
sediment  entrainment  has  a  random  and  intermittent  character  (Grass  1970).  The  greater 
the  flow  strength,  the  higher  the  level  of  turbulence  and  the  higher  the  probability  that  a 
given  grain  will  be  entrained. 
Practically,  it  is  difficult  to  establish  the  flow  strength  below  which  no  particle 
motion  occurs.  There  is  always  some  probability  that  even  at  a  very  low  flow,  maximum 
turbulent  pulsations  will  be  strong  enough  to  cause  the  displacement  of  some  grains 
(Paintal  1971,  Lavelle  and  Mofjeld  1987).  Hence,  incipient  motion  of  sediments  is 
inherently  a  stochastic  process  characterised  by  a  gradual  increase  of  frequency  of 
particle  displacements  as  flow  strength  rises.  Prediction  of  grain  entrainment,  therefore, 
requires  an  appropriate  probabilistic  description  of  the  phenomenon. 
In  the  present  study  the  concept  of  threshold  conditions  for  streambed  movement 
is  linked  to  the  probability  of  sediment  entrainment  through  the  intensity  of  sediment 
4  Incipient  Motion  of  Coarse  Uniform  Sediments  76 motion.  The  intensity  of  sediment  motion  is  expressed  as  a  relative  number  of  particles 
displaced  in  unit  time  (Figure  4.1): 
m 
NT 
(4.1) 
where  I  is  the  intensity  of  sediment  motion  (or  transport  intensity),  m  is  the  number  of 
particle  displacements  observed  during  the  time  interval  T  on  the  area  A  of  the  surface 
of  a  mobile  bed,  and  N  is  the  number  of  surface  particles  in  the  area  A.  The  transport 
intensity  I  has  the  dimension  s"1  and,  in  other  words,  is  the  fraction  of  all  particles  in  the 
bed  surface  displaced  every  second.  The  number  of  particles  N  in  the  surface  layer  one 
grain  diameter  d  thick  can  be  estimated  from 
N= 
Ad  (1-P) 
(4.2) 
it  d3 
6 
where  p  is  the  bed  porosity. 
The  rate  of  sediment  transport  can  be  expressed  as  (Yalin  1972) 
qb  =GL  (4.3) 
where  G  is  the  grain  weight  and  L  is  the  length  of  displacement  of  a  grain  after 
detachment.  Rearranging  (4.1)  and  substituting  into  (4.3),  we  obtain  the  transport  rate 
expressed  in  terms  of  intensity  of  sediment  motion 
qb  -ÄIGL  (4.4) 
Following  analysis  by  Einstein  (1942),  the  intensity  I  in  (4.4)  may  also  be  interpreted  as 
the  probability  that  a  particle  in  a  bed  area  with  the  length  L  and  unit  width  will  start 
moving  in  any  given  second.  Thus  the  parameter  I  also  provides  a  probabilistic 
description  of  the  process  of  sediment  motion,  and  this  parameter  can  be  measured 
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be  chosen  depending  upon  the  design  context. 
The  use  of  relative  number  of  mobilized  particles  for  determining  I  eliminates  the 
necessity  to  change  the  area  of  observation  A  when  changing  sediment  size,  which  is 
required  when  using  other  approaches  (Neill  and  Yalin  1969,  Yalin  1972).  This  ensures 
comparability  of  experimental  data  obtained  for  different  grain  sizes,  provided  the  bed 
area  of  observation  A  and  the  time  of  observation  T  are  large  enough  to  obtain  a  stable 
mean  value  of  transport  intensity  I.  It  should  be  noted  that  there  are  no  strict  definitions 
of  what  the  area  and  time  scales  associated  with  observation  of  particle  entrainment 
should  be  in  each  particular  case.  As  the  incipient  motion  of  sediment  is  considered  as  a 
spatially  and  temporally  random  process  of  particle  displacement  under  turbulent 
fluctuations,  it  is  necessary  that  the  area  of  observation  A  should  be  "large"  in 
comparison  to  the  grain  area,  and  the  time  T  of  the  observation  should  be  "large"  in 
comparison  to  the  time  average  period  of  turbulent  fluctuations  (Yalin  1972).  The 
choice  of  A  and  T  in  any  particular  study  depends  on  the  flume  dimensions,  measuring 
equipment,  method  of  observation,  and  the  range  of  grain  sizes  and  flow  conditions 
investigated. 
4.2  Experimental  Procedure 
The  experiments  with  uniform  sediments  (listed  in  Table  3.1)  were  conducted  in 
the  Armfield  flume,  University  of  Glasgow.  Prior  to  each  experiment,  the  sediment  bed 
was  carefully  levelled  using  the  screed  board.  Then  the  flume  was  set  to  the 
experimental  slope,  the  tailgate  was  raised,  and  the  bed  was  slowly  flooded  with  water 
from  the  downstream  end  of  the  flume.  After  this  the  pump  was  started,  the  tailgate  was 
opened,  and  after  a  short  period  of  sub-threshold  flow  to  remove  unstable  grains,  the 
flow  was  gradually  increased  to  the  desired  value.  Care  was  taken  to  ensure  that 
uniform  flow  was  always  maintained  in  the  flume.  The  flume  was  long  enough  for  the 
uniform  flow  to  be  self-established  in  most  of  the  experiments.  Only  for  high  flows  was 
the  tailgate  used  to  compensate  for  the  recession  curve  at  the  outlet  of  the  flume. 
After  uniform  flow  was  established,  the  waste  sediments  collected  in  the  trap  were 
removed  and  sediment  sampling  was  begun.  Owing  to  the  very  low  sediment  transport 
rates  in  most  cases  the  sampling  period  coincided  with  the  duration  of  the  experiments. 
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obtain  the  time-averaged  bedload  transport  rate  for  the  duration  of  each  experiment. 
In  addition  to  the  trapping  of  transported  sediment  the  intensity  of  sediment 
motion  was  determined  (every  3-10  min,  depending  on  sediment  transport  rate)  by 
either  visual  or  photographic  methods.  The  visual  method  consisted  of  counting  the 
number  of  particle  displacements  from  a  0.3x0.3  m2  bed  area  0.6  m  upstream  of  the 
trap.  The  choice  of  the  area  of  observation  was  restricted  by  the  flume  width  and  the 
physical  ability  of  an  observer  to  conduct  the  "observation".  The  area  of  observation 
contained  between  740  grains  (12  mm  gravel)  and  27,000  grains  (1.5  mm  sand).  The 
time  of  a  single  observation  varied  from  15  s  to  5  min  depending  on  sediment  discharge 
and  was  set  individually  for  each  experiment  to  average  out  the  pulsing  character  of 
particle  displacement  caused  by  turbulent  fluctuations.  The  area  and  time  of  observation 
in  the  experiments  were  large  enough  to  obtain  a  stable  mean  value  of  transport 
intensity. 
The  photographic  method  was  used  to  gain  information  on  the  intensity  of  sand- 
size  particle  motion  during  relatively  active  sediment  transport  when  visual  counting 
was  impractical.  A  series  of  photographs  of  a  0.3x0.7  m2  bed  area  with  randomly 
distributed  particles  (normally  about  two  thousand)  labelled  with  fluorescent  paint  (four 
different  colours  were  used)  were  taken  in  ultra-violet  light.  Comparative  measurements 
showed  that  the  use  of  the  fluorescent  paint  did  not  change  the  sediment  properties 
(density,  fall  velocity,  and  angle  of  repose).  Displaced  fluorescent  particles  were  clearly 
identified  as  coloured  streaks  on  the  photographs  taken  with  1s  exposure  (Figure  4.2). 
Counting  the  number  of  displaced  and  immobile  fluorescent  particles  on  the 
photographs  gave  an  estimate  of  the  intensity  of  sediment  motion. 
Other  measured  characteristics  included  water  discharge,  bed  and  water  surface 
elevations,  flow  depth,  and  water/air  temperature.  Water  discharge  was  determined 
using  the  built-in  current  meter  in  the  flow  return  pipe.  The  functioning  of  the  current 
meter  and  the  manner  in  which  the  readings  had  to  be  made  (using  the  pointer  indicator) 
were  considered  to  be  unreliable  and  unsatisfactory  for  precise  measurements. 
Therefore,  the  measured  water  discharge  was  taken  as  an  approximate.  Bed  surface 
elevations  were  measured  before  and  after  each  experiment  using  the  moving  pointer 
gauge.  Water  levels  were  continuously  recorded  during  the  experiments  using  the 
pointer  gauge.  Flow  depth  was  controlled  using  vertical  scales  attached  to  the  glass 
walls.  Water  and  air  temperatures  were  measured  at  the  beginning  and  the  end  of  the 
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was  surveyed  and  photographed. 
The  experiments  were  conducted  at  a  range  of  fixed  bed  slopes  (0.0019-0.0287) 
for  a  variety  of  water  discharges  (0.3-29.3  L  s"1)  with  different  intensity  of  sediment 
motion  (5  x  10-6-  6x  10-2  s"1).  The  duration  of  a  single  experiment  depended  on 
sediment  transport  rate  and  varied  from  a  few  minutes  to  2.5  hours,  most  lasted  for 
about  one  hour.  During  all  the  experiments,  sediment  transport  was  by  bedload  only,  i.  e. 
by  rolling  and  sliding  along  the  bed.  Because  of  the  generally  low  rates  of  sediment 
transport  and  relatively  short  duration  of  the  experiments,  no  sediment  was  re-circulated 
or  fed  into  the  flume  during  the  tests.  The  volume  of  sediment  stored  in  the  bed  was 
very  large  in  comparison  with  the  volume  mobilized,  so  that  it  constituted,  in  effect,  an 
inexhaustible  supply.  No  noticeable  change  of  flow  conditions  or  bed  erosion  took  place 
during  the  experiments,  so  it  is  assumed  that  the  sediment  transport  phenomenon  in  =  2- 
3m  long  measuring  reach  upstream  of  the  trap  approximated  an  equilibrium  process  for 
the  duration  of  the  measurements  (i.  e.,  the  number  of  particles  leaving  the  observation 
reach  was  equal  to  that  entering). 
4.3  Experimental  Results 
A  total  of  312  experiments  (237  hours)  with  uniform  sediment  were  performed.  A 
summary  of  the  hydraulic  conditions  and  sediment  transport  rates  observed  in  the 
experiments  is  presented  in  Table  4.1.  All  the  measured  data  for  uniform  sediments  are 
given  in  Table  A.  1  (Appendix  A). 
4.3.1  Intensity  of  sediment  motion 
During  the  initial  stages  of  the  experiments  a  gradual  reduction  of  the  intensity  of 
sediment  motion  was  usually  observed  (Figure  4.3).  This  reflected  the  rearrangement  of 
the  initial  artificial  bed  structure  arising  from  the  bed  construction.  As  time  progressed, 
the  intensity  of  grain  motion  stabilized  and  approached  some  steady  value  taken  to 
correspond  to  the  equilibrium  transport  for  a  water  worked  bed  in  the  measuring  reach. 
Mean  values  of  the  intensity  of  sediment  motion  for  the  duration  of  the 
experiments  are  closely  related  to  measured  sediment  transport  rates.  The  relationship 
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Einstein  bedload  parameter 
" 
__ 
qb 
qb 
p, 
(s-1)gd3  (4.5) 
is  presented  in  Figure  4.4.  The  correlation  coefficient  of  the  I  versus  qb  relationship  is 
0.98.  The  relationship  appears  to  be  independent  of  the  bed  slope  and  can  be  fitted  by 
the  straight  line 
I1=  qb  (4.6) 
This  equality  has  significant  practical  value  as  it  allows  any  measured  bedload  transport 
rate  to  be  expressed  in  terms  of  the  intensity  of  sediment  motion  or,  alternatively,  the 
probability  of  sediment  entrainment.  Hence,  the  proposed  probabilistic  approach  to  the 
description  of  the  process  of  sediment  entrainment  actually  reduces  to  the  simple 
reference  transport  method  based  on  the  use  of  bedload  transport  relations.  This  has 
implications  for  the  practical  application  of  the  probabilistic  approach  in  the  situations 
where  only  bedload  transport  data  are  available. 
4.3.2  Bed  shear  stress 
The  bed  shear  stress  concept  is  used  in  the  present  study  to  define  incipient 
motion  of  the  bed  material.  This  concept  has  certain  advantages  and  is  better  elaborated 
for  fractionwise  calculations  in  graded  sediments  compared  to  other  approaches 
(discussed  in  Chapter  2).  The  bed  shear  stress  is  calculated  as  ti  =pg  Rb  J  using  the 
hydraulic  radius  of  the  bed  Rb  and  the  slope  J.  The  sidewall  correction  procedure  used 
in  this  study  to  define  R.  is  based  on  the  Manning  roughness  coefficients  of  the  bed 
grains  (ng)  and  of  the  walls  (nw).  The  principal  assumption  is  that  the  cross-sectional 
water  area  can  be  divided  into  bed  area  and  wall  area  having  the  same  energy  gradient 
(equal  to  the  bed  slope)  and  mean  flow  velocity  U  of  the  total  section.  Applying  the 
Manning  formula  U=  R'13  JV2  In  to  each  part  of  the  water  area,  we  obtain 
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n 
3/2 
(4.7) 
n 
and 
(Pbn3/2+Pwn3/2r3 
p43 
(4.8) 
Here  R=B  h/P  is  the  hydraulic  radius  of  the  total  area,  B  is  the  flow  width,  h  is  the 
flow  depth,  n  is  the  equivalent  Manning  roughness  coefficient,  P=B+  2h  is  the  wetted 
perimeter  of  the  complete  section,  Pb  =B  is  the  wetted  perimeter  of  the  bed,  P, 
'  =  2h 
is  the  wetted  perimeter  of  the  flume  walls.  The  grain  roughness  is  expressed  by  the 
Strickler  formula  ng  =  0.048dV6  (Carson  and  Griffiths  1987)  and  the  roughness  of  the 
glass  walls  is  taken  as  n,,  =  0.0  10  (Chow  1959). 
The  above  wall-correction  procedure  is  chosen  to  avoid  the  use  of  the  mean  flow 
velocity.  In  design  practice,  flow  velocity  is  usually  to  be  determined,  and  the  Manning 
formula  is  widely  used  for  the  calculations.  Thus  the  employment  of  the  roughness 
coefficients  for  the  sidewall  correction  provides  direct  applicability  of  the  results  of  the 
flume  study  to  solving  practical  problems.  However,  the  present  method  and  commonly 
used  Vanoni  and  Brooks  method  (Vanoni  et  al.  1971)  have  shown  comparable  results 
differing  by  less  than  5%. 
4.3.3  Bedload  transport 
To  account  for  the  artificially  high  initial  period  of  sediment  transport  (see  Figure 
4.3),  measured  transport  rates  (mean  for  the  duration  of  the  experiments)  were  corrected 
as  follows: 
I  steady 
qb  corrected  =  qb  measured  I  mean 
(4.9) 
This  gave  sediment  transport  rates  for  the  period  of  steady  particle  motion.  The 
corrected  transport  rates  are  plotted  as  the  Einstein  bedload  parameter  qb  against 
dimensionless  Shields  stress  T'  =  -r/[(P,  -  p)  g  d]  in  Figure  4.5. 
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slopes  experience  a  systematic  shift,  that  is,  the  steeper  the  slope  is,  the  higher  the  shear 
stress  must  be  to  produce  a  given  sediment  transport  rate.  This  is  also  obvious  from 
Figure  4.6,  constructed  using  graphs  shown  in  Figure  4.5  for  a  fixed  transport  rate 
qb  =10-4  and  relating  Shields  stress  ti`  with  bed  slope  for  different  grain  sizes.  Figure 
4.6  demonstrates  that  for  a  given  grain  size,  the  value  of  r*  required  to  produce  a  given 
transport  rate  increases  consistently  with  bed  slope  and  that  the  rate  of  increase  depends 
on  the  slope. 
The  observed  phenomenon  can  be  explained  in  terms  of  the  effect  of  relative 
depth  (Rb  /d  for  narrow  channels  with  width  to  depth  ratio  Bl  h  less  than  =10)  on 
overall  flow  resistance.  It  is  known  that  for  transitional  and  rough  turbulent  flow  the 
hydraulic  resistance  strongly  depends  on  relative  depth.  The  relationship  between 
friction  factor 
f  =822=8 
` 
p 
u2  (4.10) 
and  relative  depth  Rb/d  has  been  established  by  Nikuradze  (1933)  for  artificially 
roughened  pipes  and  by  Zegzhda  (1938)  for  open  channel  flow.  They  derived  very 
similar  diagrams  relating  friction  factor  f  to  flow  Reynolds  number  Re  and  the  value  of 
Rb  /d 
. 
These  diagrams  clearly  demonstrate  that  for  transitional  and  rough  turbulent 
flow,  friction  factor  f  progressively  increases  with  decreasing  Rb  /d 
. 
The  increase  of 
friction  resistance  for  shallower  flows  is  due  to  the  increased  effect  of  the  wake  eddies, 
shed  by  the  bed  particles,  on  the  overall  flow  resistance.  This  effect  is  most  significant 
for  bed  particles  and  their  eddies  comparable  with  the  flow  depth  [  Rb  Id  <  30-50 
(Zegzhda  1938)].  Obviously,  this  effect  of  relative  depth  on  flow  resistance  is  reflected 
in  the  results  of  the  present  experiments.  For  a  given  grain  size  d  and  a  given  bed  shear 
stress  't  =pg  Rb  J  the  increase  of  slope  J  and  the  corresponding  decrease  of  bed 
hydraulic  radius  Rb  (and  therefore  decrease  of  Rb  /d)  cause  a  greater  flow  resistance 
and,  accordingly,  lower  flow  velocity  U  and  lower  sediment  transport  rate.  As  a  result,  a 
higher  value  of  Shields  stress  ti'  =  ti/[(p,  -  p)  g  d]  is  required  to  produce  a  given 
sediment  transport  rate  for  steeper  slopes  (Figure  4.5).  The  relationship  between  values 
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Figure  4.7.  The  effect  of  relative  depth  on  sediment  mobility  has  proved  to  be  quite 
significant.  In  the  present  experiments,  for  example,  decrease  of  R.  /d  from  about  25  to 
5  caused  an  almost  twofold  increase  of  ti"  corresponding  to  a  given  transport  rate 
(Figure  4.7). 
It  is  obvious  that  beyond  some  critical  value,  further  increase  of  bed  slope  will 
cause  the  opposite  effect,  that  is,  decrease  of  'r  for  a  given  transport  rate.  This  will 
happen  for  very  steep  slopes  approaching  the  angle  of  repose  for  the  bed  material,  when 
sediment  mobility  is  increased  by  the  effect  of  gravitation.  Such  extreme  situations  have 
been  studied  by  others  [e.  g.,  Cecen  and  Bayazit  (1973),  Luque  and  van  Beek  (1976), 
Smart  (1984),  Chiew  and  Parker  (1994)]  and  are  beyond  the  scope  of  the  present  study. 
4.3.4  Threshold  diagram 
To  derive  a  threshold  diagram  based  on  the  above  probabilistic  description  of  the 
process  of  bedload  transport,  it  is  necessary  to  choose  a  "critical"  value  of  the  intensity 
of  sediment  motion.  It  has  been  already  mentioned  that  determined  values  of  Shields 
stress  corresponding  to  threshold  conditions  may  vary  significantly  depending  on  how 
much  movement  is  assumed  to  constitute  incipient  motion  of  the  sediment  (see  Figures 
2.7  and  2.8).  This  is  also  clearly  demonstrated  by  Figure  4.8  based  on  the  results  of  the 
present  experiments  with  3.4  mm  gravel.  Figure  4.8  shows  a  rather  wide  range  of  the 
variation  of  Shields  stress  for  the  intensity  of  sediment  motion  varying  from  "rare 
displacement  of  single  particles"  up  to  "frequent  particle  movement". 
Obviously,  the  solution  of  different  engineering  problems  may  require  different 
degrees  of  bed  stability.  For  example,  the  critical  state  of  the  bed  that  is  suitable  for  the 
accurate  calculation  of  sediment  transport  may  be  too  conservative  for  use  in  stable 
channel  design.  Therefore,  in  the  present  study  two  "critical"  values  of  transport 
intensity  are  chosen  as  representative  of  the  threshold  of  sediment  movement:  (a) 
I  =10-4  s'1  (one  of  10,000  surface  particles  is  entrained  every  second)  and  (b)  I  =10-2 
s"1  (one  of  100  surface  particles  is  entrained  every  second).  The  first  transport  intensity 
is  close  to  the  practical  lower  limit  of  sediment  transport  rate  that  can  be  reliably 
measured  in  open-channel  experiments  and  which  can  be  visually  defined  as 
"occasional  particle  movement  at  some  locations"  (Rijn  1989)  or  "weak"  sediment 
transport  ["several  particles  are  in  motion,  in  isolated  spots,  and  in  countable  numbers"] 
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locations"  (Rijn  1989)  or  "general  movement"  on  the  bed  (Kramer  1935).  These  two 
chosen  "critical"  values  are  also  shown  in  Figure  4.8  as  "threshold  1"  and  "threshold  2", 
respectively. 
Given  the  linear  relationship  between  transport  intensity  I  and  bedload  parameter 
qb  [Figure  4.4,  equation  (4.6)],  the  experimental  bedload  relations  can  be  used  to 
determine  values  of  Shields  stress  ti'  for  different  bed  slopes  corresponding  to  the  two 
chosen  "critical"  values  of  the  transport  intensity:  I  =10-4  s"1  (or  qb  =10-4  )  and 
I=  10-2  s"1  (or  qb  =10-2  ).  The  values  of  "critical"  Shields  stress  ti:  were  read  by  eye 
from  the  experimental  qb  versus  ti'  relations  (Figure  4.5).  Plots  of  'r  on  the  Shields 
diagram  as  a  function  of  grain  Reynolds  number  Re,  together  with  the  corresponding 
values  of  bed  slope  are  presented  in  Figures  4.9  and  4.10.  The  Shields  threshold  curve  is 
also  shown  in  these  figures  for  comparison. 
To  complement  and  extend  the  results  of  the  present  experiments,  a  search  for 
data  available  in  the  literature  was  undertaken.  Analysis  of  the  existing  large  volume  of 
data  sets  on  sediment  transport  (e.  g.,  Brownlie  1981,  Gomez  and  Church  1988)  revealed 
that  in  spite  of  extensive  flume  and  field  studies,  surprisingly  few  data  are  available  for 
incipient  motion  of  coarse  uniform  (  d84  /d16  <1.5)  sediments.  The  only  data  sets  which 
could  be  presented  in  the  form  of  qb  versus  i"  relations  for  fixed  bed  slopes  and  which 
cover  a  sufficiently  wide  range  of  sediment  transport  rates  to  be  analysed  in  accordance 
with  the  above  method  are  those  collected  in  flumes  by  Casey  (1935),  Bogardi  and  Yen 
(1936),  Ho  (1939),  Paintal  (1971),  Taylor  and  Vanoni  (1972),  Ikeda  (1983),  Bathurst  et 
al.  (1984),  and  Graf  and  Suszka  (1987).  A  summary  of  the  additional  data  used  for  the 
present  analysis  is  given  in  Table  4.2  and  some  of  the  bedload  relations  are  shown  in 
Figure  4.11.  Most  of  the  experimental  data  collected  at  different  bed  slopes,  especially 
those  of  Bathurst  et  al.  (1984)  and  Graf  and  Suszka  (1987),  demonstrate  an  apparent 
dependence  of  bedload  transport  rate  on  the  slope,  as  was  observed  in  the  present 
experiments  (compare  Figures  4.5  and  4.11).  Some  of  the  data  collected  by  Bathurst  et 
al.  (1984)  for  22.2  mm  and  44.3  mm  gravel,  and  by  Graf  and  Suszka  (1987)  for  23.5 
mm  gravel  are  also  presented  in  Figures  4.6  and  4.7,  showing  variation  of  Shields  stress 
ti`  required  to  produce  a  transport  rate  of  qb  =10-4  with  slope  and  relative  depth, 
respectively. 
4  Incipient  Motion  of  Coarse  Uniform  Sediments  85 The  additional  data  sets  were  used  to  determine  values  of  ti:  corresponding  to 
qb  =10-4  ("threshold  1")  and  qb  =10-2  ("threshold  2")  for  a  variety  of  bed  slopes  and 
grain  sizes  (Figure  4.11).  These  values  of  Einstein  bedload  parameter  qb  are  the 
equivalents  of  "critical"  transport  intensities  I  =10-4  s"1  and  I=  10-2  s"1,  respectively 
(see  Figure  4.4).  The  values  of  ti:  determined  for  the  additional  data  plotted  on  the 
Shields  diagram  are  shown  in  Figures  4.9  and  4.10.  As  one  can  see,  the  available  data 
from  the  other  flume  studies  generally  support  and  complement  the  results  of  the 
present  experiments. 
The  compiled  data  set  makes  it  possible  to  draw  a  family  of  threshold  curves  for 
different  bed  slopes  (Figures  4.9  and  4.10).  On  this  graph  a  number  of  interesting  facts 
can  be  observed.  At  once  the  similarity  of  the  general  pattern  of  the  present  graph  and 
the  friction  diagrams  by  Nikuradze  (1933)  and  Zegzhda  (1938)  for  transitional  and 
rough  turbulent  flow  is  obvious  [see  also  Moody  (1944)  and  Chow  (1959)].  This  does 
suggest  that  the  observed  variation  of  ti*  for  a  given  grain  size  simply  reflects  the 
dependence  of  the  friction  resistance  on  the  relative  depth.  As  one  can  also  see  from 
Figures  4.9  and  4.10,  the  experimental  threshold  curves  follow  approximately  the  shape 
of  the  Shields  curve  for  Re.  <  170,  show  maximum  critical  Shields  stress  for 
170  <  Re.  <  300  (d  -4-5  mm),  and  demonstrate  an  apparent  gradual  reduction  of  ti, 
for  large  values  of  Re..  Increase  of  ti:  with  Re,  in  the  transitional  zone 
(Re,  -  10  -  300)  is  usually  explained  by  the  destruction  of  the  laminar  sub-layer 
covering  bed  particles  and  the  associated  increase  of  hydraulic  resistance.  However,  the 
observed  subsequent  reduction  of  r  with  Re,  for  rough  turbulent  flow  is  very 
surprising  since  one  would  expect  ti:  to  be  independent  of  Re,  in  this  zone,  as  is 
generally  acknowledged  and  is  shown  by  all  the  existing  threshold  curves  (Figure  2.3). 
To  find  a  possible  explanation  of  such  behaviour,  the  experimental  results  shown  in 
Figure  4.9  are  presented  in  terms  of  relative  depth  (Rb  /d)  in  Figure  4.12.  It  is  seen 
from  this  figure  that  the  Shields  stress  i'  =  Rb  J/[(s  -1)  d]  required  to  produce  a  given 
transport  intensity  (I  =10-4  s"')  at  a  given  R.  /d  value  reduces  for  high  values  of  Re, 
. 
This  means  that  in  rough  turbulent  flow  larger  particles  offer  relatively  lower  resistance 
to  the  flow  compared  to  finer  grains.  This  is  in  contradiction  with  all  the  known  friction 
diagrams  showing  invariability  of  the  friction  factor  for  a  given  relative  depth  in  the 
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(1959)]. 
It  is  interesting  to  note,  however,  that  data  given  by  Misri  et  al.  (1983)  generally 
support  the  above  observations.  Misri  et  al.  (1983)  studied  incipient  motion  of  uniform 
sediment  ranging  in  size  between  1.67  mm  and  4.36  mm  using  a  visual  definition  of 
threshold  as  "general  movement".  Their  experimental  results  demonstrated  both 
decrease  of  ti:  with  increase  of  Rb  /d  for  a  given  sediment  size  and  gradual  reduction 
of  r  for  high  values  of  Rey  for  a  given  R.  Id  value. 
The  present  conclusion  is  also  in  agreement  with  the  experimental  results  of 
Klaven  and  Kokovin  (1987)  who  observed  entrainment  of  a  special  artificial  particle 
from  a  bed  composed  of  uniform  gravels.  The  experiments  were  conducted  in  an  8m 
long  by  0.10  in  wide  tilting  flume,  at  a  constant  flow  depth  of  0.05  m  and  variable  flume 
slopes.  The  bed  material  ranged  in  size  from  2.5  mm  and  6.5  mm,  the  thickness  of  the 
bed  being  6  cm.  The  artificial  particle  was  a  conical  washer  placed  in  an  appropriate- 
shaped  nest  (both  made  of  perspex)  level  with  the  bed  surface.  The  observation 
demonstrated  that  the  artificial  particle  was  entrained  from  the  2.5  mm  gravel  bed  at 
mean  flow  velocity  of  U=0.770  in  s-1  (slope  J=0.0132),  from  the  4.5  mm  gravel  at 
U=0.550  in  s"1  (J=0.0070),  and  from  6.5  mm  gravel  at  U=0.514  m  s"i  (J=0.0066).  That 
is,  the  coarser  the  gravel,  the  lower  flow  strength  was  required  to  entrain  the  artificial 
particle.  This  is  generally  consistent  with  the  results  of  the  present  experiments. 
The  observed  variation  of  t  with  Re,  in  rough  turbulent  region  can  be  explained 
by  the  fact  that  the  wake  eddies,  which  are  shed  by  the  bed  particles  and  which  interact 
with  the  flow  turbulence,  actually  depend  on  the  absolute  size  of  the  particles  (Bathurst 
1982).  For  the  same  value  of  Rb  /d 
,  change  in  absolute  size  of  bed  material  apparently 
results  in  a  change  of  the  character  of  the  turbulent  field  near  the  bed  affecting  the 
overall  flow  resistance.  This  effect  must  be  especially  pronounced  for  the  relatively 
shallow  flows  investigated  in  the  present  flume  study. 
As  one  can  see  from  Figures  4.9  and  4.10,  the  commonly  used  Shields  threshold 
curve  is  more  appropriate  for  the  conditions  of  "general  movement"  on  the  bed.  If 
"weak"  sediment  motion  is  chosen  as  a  critical  state  of  the  bed,  the  Shields  threshold 
curve  shows  agreement  with  the  experimental  data  only  for  steep  slopes  (of  the  order  of 
0.010-0.020)  and  significantly  overestimates  critical  flow  conditions  (up  to  90%)  for 
bed  slopes  less  than  0.010,  especially  in  the  rough  turbulent  zone.  The  coarser  is  the  bed 
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extrapolating  the  experimental  threshold  curves,  one  may  conclude  that  for  a  bed 
composed  of  50  mm  gravel  and  having  slope  of  0.005  (the  values  typical  of  many 
natural  gravel-bed  streams)  the  use  of  the  Shields  threshold  curve  would  overestimate 
critical  flow  depth  by  more  than  200%.  It  should  be  noted,  however,  that  there  is  an 
obvious  lack  of  data  at  high  Re.  values.  Further  experiments  with  very  coarse  bed 
material  and  moderate  slopes  with  large  values  of  Rb  Id  would  significantly  clarify  the 
situation.  Although  the  difference  in  the  shape  of  sand  size  sediment  (angular  particles) 
and  gravel  (well-rounded  particles)  in  the  present  experiments  could  have  some  effect 
on  the  sediment  mobility  and  therefore  the  shape  of  the  threshold  curves  for  Re,  <  150, 
this  is  believed  to  reflect  the  natural  situation  in  rivers  where  sand  bed  material  is 
unlikely  to  be  rounded. 
Thus  the  results  obtained  clearly  demonstrate  the  effect  of  relative  depth  (or, 
alternatively,  bed  slope)  on  incipient  motion  of  bed  sediment  and  partly  explain  the 
scatter  of  data  on  the  Shields  diagram.  Until  now,  evidence  on  the  effect  of  relative 
depth  (directly  related  to  the  bed  slope)  on  sediment  mobility  was  fragmentary  and 
incomplete.  The  present  study  has  summarized  data  for  a  wide  range  of  sediment  sizes 
(d=1.07-44.3  mm)  and  has  resulted  in  comprehensive  threshold  diagrams  for  the  sizes 
investigated  (Figure  4.9  and  4.10). 
As  one  can  see  from  Figures  4.9  and  4.10  (see  also  Figures  4.6  and  4.7),  the 
critical  Shields  stress  for  a  given  bed  slope  first  increases  and  then  decreases  as 
sediment  size  increases.  The  change  of  direction  in  the  relationship  occurs  at  a  sediment 
size  of  about  4-5  mm.  The  observed  variation  of  the  critical  Shields  stress  with  grain 
size  may  have  implications  for  the  practice  of  physical  hydraulic  modelling.  It  is 
believed  that  the  process  of  coarse  sediment  transport  can  be  faithfully  reproduced  at  a 
reduced  scale  using  sand  size  sediment  (e.  g.,  Yalin  1971).  Many  of  the  present  theories 
of  movable  bed  modelling  are  based  on  the  assumption  of  the  constancy  of  ti*  for  rough 
turbulent  flow.  However,  the  present  findings  indicate  that  this  is  apparently  not  the 
case,  and  therefore  the  use  of  sand  for  studying  the  behaviour  of  coarse  material  needs 
further  investigation. 
It  should  be  noted,  that  the  Shields  diagram  is  a  useful  means  of  evaluating  the 
critical  flow  conditions  as  long  as  a  single  curve  can  be  defined  and,  in  particular,  while 
the  critical  Shields  stress  is  constant  at  large  grain  Reynolds  numbers.  The  introduction 
of  the  dependency  of  critical  Shields  stress  on  both  slope  (or  relative  depth)  and  grain 
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calculations  must  be  made  to  determine  critical  flow  characteristics  (slope  or  bed 
hydraulic  radius)  for  a  given  grain  size.  The  experimental  results  in  a  form  more 
convenient  for  practical  use  are  presented  in  Figure  4.13.  The  diagram  in  Figure  4.13 
refers  to  the  initial  motion  of  natural  uniform  (ag<  1.5)  coarse  sand  and  well-rounded 
gravel  on  a  flat  bed  by  uniform  water  flow.  It  relates  critical  flow  characteristics 
(hydraulic  radius  of  the  bed  R.  and  bed  slope  J)  with  grain  size  d  for  the  two  "critical" 
transport  intensities  I=10-4  s'1  and  I=10-2  s'1,  corresponding  to  "weak"  and  "general" 
sediment  motion  accordingly.  The  difference  between  the  values  of  Rb  corresponding 
to  the  above  transport  intensities  varies  from  15-25%  for  steep  slopes  to  20-40%  for 
moderate  slopes.  From  an  engineering  point  of  view,  these  differences  may  be 
considered  as  insignificant  for  laboratory  conditions  with  shallow  flows.  However,  such 
differences  cannot  be  disregarded  in  large  rivers  and  canals  where  the  depth  is  much 
greater  than  in  experimental  flumes.  The  diagram  shown  in  Figure  4.13  covers  a  range 
of  flow  conditions  typically  observed  in  laboratory  flumes,  but  it  can  be  used  to  estimate 
critical  conditions  in  larger  streams  by  extrapolating  the  experimental  results.  Further 
investigations  of  initial  motion  of  very  coarse  gravel  (larger  than  50  mm)  at  moderate 
bed  slopes  (less  than  0.010)  are  needed  to  extend  the  threshold  diagram  for  conditions 
typical  of  natural  gravel-bed  streams. 
4.3.5  Formalization  of  results 
The  threshold  diagrams  presented  graphically  in  Figures  4.9,4.10,  and  4.13  are 
derived  for  two  arbitrary  chosen  "critical"  transport  intensities.  However,  situations  may 
arise  in  design  practice  when  the  prediction  of  other  "critical"  states  of  bed  mobility 
may  be  required.  Therefore,  an  attempt  is  made  to  formalize  the  experimental  results  to 
provide  a  generalized  method  for  calculating  threshold  conditions  of  coarse  uniform 
sediments. 
Analysis  of  the  experimental  data  reveals  that  the  bedload  relations  obtained  for 
qb  <_  10-Z  in  this  study  and  by  other  investigators  (listed  in  Table  4.2)  are  reasonably 
well  represented  by  the  following  relationship  (see  Figures  4.5  and  4.11): 
4b  EI=(at)18 
J-s.  o  (4.11) 
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a=-l.  1[log(1000d)]3+4.8[log(1000d)]2-5.  Olog(1000d)+4.6  1  (4.12) 
with  the  grain  size  d  in  metres.  The  above  equations  are  derived  for  1:  5  d<_44.3  mm  and 
0.001:  5J:  50.070.  The  exponent  18  at  z*  in  (4.11)  is  close  to  the  values  of  16  derived  by 
Paintal  (1971),  17.5  found  by  Taylor  and  Vanoni  (1972),  15.7  recommended  by  Parker 
(1990)  for  very  low  sediment  transport  rates,  and  15.1  obtained  by  Wathen  et  al.  (1995) 
for  the  gravel-bed  Allt  Dubhaig.  Somewhat  lower  values  for  the  exponent  have  been 
obtained  by  Misri  et  al.  (1984)  and  Swamee  and  Ojha  (1991)  (8  and  9,  respectively). 
However,  it  should  be  remembered  that  the  transport  data  used  in  these  studies  were 
collected  at  different  bed  slopes  and  none  of  the  proposed  methods  account  for  the 
effect  of  bed  slope  on  bed  material  mobility  as  demonstrated  in  Figures  4.5  and  4.11. 
Parameter  a  in  (4.11)  reflects  the  difference  in  the  relative  mobility  of  different 
grain  sizes.  The  variation  of  a  with  grain  size  d  according  to  the  experimental  data  is 
shown  in  Figure  4.14  together  with  the  approximating  relationship  (4.12).  As  is  seen 
from  this  figure,  the  value  of  a  first  decreases  and  then  increases  as  sediment  size 
increases.  The  minimum  value  of  a  corresponds  to  a  sediment  size  of  around  5  mm. 
This  means  that  at  a  given  bed  slope  J  particles  with  d=5  mm  require  a  higher  value  of 
ti'  compared  with  finer  and  coarser  grains  to  produce  a  given  dimensionless  transport 
rate  q,  *.  A  similar  pattern  is  seen  in  the  threshold  diagrams  in  Figures  4.9  and  4.10.  The 
cause  of  this  behaviour  is  not  clear  at  present.  As  is  speculated  above,  it  may  be  related 
to  the  dependence  of  the  near-boundary  turbulence  on  the  absolute  grain  size.  Further 
investigations  are  needed  to  clarify  the  phenomenon. 
Bearing  in  mind  that  I=  qb  (Figure  4.4),  equation  (4.11)  can  be  rearranged  into  a 
general  expression  for  calculating  critical  Shields  stress  of  coarse  uniform  sediments: 
0.0556  Ic 
,  0.278 
ca  (4.13) 
where  I,  is  the  "critical"  value  of  sediment  transport  intensity  (or  probability  of 
sediment  entrainment)  representing  the  threshold  of  sediment  movement.  The  threshold 
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relationships: 
0.60 
ti*  =J0.278  (for  1c  =10-  °,  Figure  4.9)  (4.14) 
a 
and 
- 
0.77 
J  0.278  (for  I  -10-  2,4.10 
-c  Figure  -)  (4.15) 
a 
The  generalized  equations  (4.11)  and  (4.13)  are  applicable  only  for  Ic  S  10-2 
(qt',  <_  10-Z)  as  for  higher  transport  rate  the  qb  versus  ti'  relationship  is  known  to  change 
dramatically  (Paintal  1971,  Misri  et  al.  1984,  Parker  1990). 
4.3.6  Bed  features 
During  most  of  the  experiments  with  appreciable  sediment  motion  longitudinal 
ridges  and  troughs  were  developed  on  the  bed  (Figure  4.15).  The  more  active  the 
sediment  transport,  the  more  pronounced  were  the  longitudinal  bed  forms.  The  number 
of  troughs  varied  from  two  to  nine  depending  on  the  flow  depth  h.  The  troughs  were 
about  1-2  grain  diameter  deep,  with  the  width  of  about  2h,  which  is  in  agreement  with 
the  existing  data  (e.  g.,  Ikeda  1981,  Ikeda  1983,  Nezu  and  Nakagawa  1989,1993). 
Visual  observations  of  bed  particle  motion  revealed  that  the  most  active  sediment 
movement  took  place  along  the  troughs.  The  same  conclusion  follows  from  the  analysis 
of  data  on  movement  of  bed  particles  labelled  with  fluorescent  paint  (Figure  4.16).  This 
is  also  consistent  with  experimental  results  of  Nezu  and  Nakagawa  (1989)  who 
observed  higher  streamwise  velocity,  bed  shear  stress,  and  bedload  transport  through 
troughs  compared  to  along  ridges  developed  in  a  sand  channel.  The  observed 
preferential  transport  of  bed  particles  along  the  troughs  indicates  that  the  motion  of 
particles  is  not  an  entirely  random  process  over  the  bed  area,  but  concentrates  along 
certain  paths,  the  width  of  which  is  scaled  with  the  flow  depth.  This  does  suggest  that 
the  particle  mobilization  is  strongly  influenced  by  the  structure  of  the  flowing  water  and 
that  an  improved  understanding  of  sediment  dynamics  can  only  be  obtained  from  a 
combined  study  of  sediment  entrainment  phenomenon  and  flow  kinematic  structure. 
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concerned  with  the  turbulent  structure  of  the  open-channel  flow. 
4.4  Conclusions 
The  following  are  the  principal  results  of  the  present  experimental  study  of  initial 
motion  of  streambeds  composed  of  coarse  uniform  sediments. 
A  new  approach  to  the  description  of  critical  state  of  the  bed  based  on  the 
intensity  of  sediment  motion,  or  transport  intensity,  is  proposed.  This  approach 
describes  the  state  of  bed  material  mobility  in  terms  of  the  fraction  of  bed  particles 
mobilized  in  unit  time,  which  eliminates  the  subjectivity  in  defining  threshold 
conditions  and  provides  a  probabilistic  description  of  the  process  of  sediment 
entrainment. 
On  the  basis  of  the  flume  data,  a  relationship  between  the  transport  intensity  I  and 
dimensionless  bedload  parameter  qb  is  established  (Figure  4.4).  This  relationship 
allows  any  measured  transport  rate  to  be  expressed  in  terms  of  the  transport  intensity  or, 
alternatively,  probability  of  sediment  entrainment.  The  experimental  bedload  relations 
obtained  for  different  grain  sizes  and  bed  slopes  in  this  study  (Figure  4.5)  and  by  other 
researchers  (Figure  4.11)  are  used  in  conjunction  with  the  I  versus  qb  relationship 
(Figure  4.4)  to  derive  a  revised  Shields  diagram  for  two  states  of  sediment  mobility  on 
the  bed:  (a)  "weak"  sediment  motion  with  transport  intensity  I  =10-4  s-'  ("threshold 
1"),  and  (b)  "general"  sediment  transport  with  I  =10-2  s-'  ("threshold  2").  The 
appropriate  threshold  diagrams  are  shown  in  Figures  4.9  and  4.10,  and  are  presented  in 
a  form  suitable  for  practical  use  in  Figure  4.13. 
The  experimental  results  indicate  that  the  critical  Shields  stress  'r  strongly 
depends  on  the  chosen  value  of  "critical"  intensity  of  sediment  motion  (Figure  4.8).  It  is 
shown  that  the  Shields  threshold  curve  is  appropriate  for  "general"  sediment  movement 
on  the  bed.  An  almost  twofold  overestimation  of  critical  flow  depth  may  result  from  the 
use  of  the  Shields  threshold  curve  for  predicting  "weak"  transport  of  coarse  gravel  at 
slopes  less  than  0.010. 
The  experimental  data  also  reveal  that  ti*  for  incipient  motion  of  uniform 
sediment  depends  not  only  on  the  grain  size  (or  grain  Reynolds  number)  but  also  on  bed 
4  Incipient  Motion  of  Coarse  Uniform  Sediments  92 slope  (Figures  4.9  and  4.10).  The  steeper  the  slope  is,  the  higher  is  the  value  of  ti:  . 
This 
effect  is  explained  by  the  greater  resistance  of  the  grains  caused  by  reduced  relative 
depth  (depth  to  grain  size  ratio)  for  steeper  slopes. 
Analysis  of  the  results  of  the  present  and  other  flume  studies  reveals  the  following 
interesting  fact.  At  high  values  of  Re.  (medium  to  coarse  gravel)  critical  Shields  stress 
'r:  is  not  constant,  as  is  usually  assumed,  but  gradually  decreases  as  grain  size  increases, 
which  indicates  lower  flow  resistance  for  coarse  gravel  if  compared  with  fine  gravel. 
This  is  in  contradiction  to  all  the  existing  theories.  Further  experimental  study  is 
required  to  clarify  the  phenomena  observed.  This  should  include  both  a  detailed  study  of 
the  turbulent  structure  of  the  flow  over  rough  beds  and  experiments  with  coarse  gravel 
at  moderate  slopes  with  high  values  of  relative  depth.  Collection  of  additional  data  on 
incipient  motion  of  medium  and  fine  sand  by  the  method  used  in  the  present  study  is 
also  desirable  to  extend  the  threshold  diagram  (Figures  4.9  and  4.10)  for  low  values  of 
grain  Reynolds  number. 
The  bed  particle  mobilization  is  shown  to  occur  not  randomly  over  the  bed  area 
but  along  certain  paths.  This  is  explained  by  the  effect  of  the  flow  kinematic  structure 
and  is  discussed  in  detail  later  in  the  appropriate  chapter. 
Finally,  a  set  of  generalized  equations  (4.11)-(4.13)  for  calculating  low  bedload 
transport  rates  and  critical  Shield  stress  is  derived  for  practical  use  by  design  engineers. 
4  Incipient  Motion  of  Coarse  Uniform  Sediments  93 Table  4.1  Range  of  Data  for  Uniform  Sediments  in  Armfield  Flume  Experiments 
Sediment 
No. 
Grain  Size 
d 
(mm) 
Width 
B 
(m) 
Slope 
J 
x  103 
Depth 
h 
(m) 
Velocity 
u 
(m  s4) 
Transport  Rate 
qb 
(g  s-1  M-1  ) 
1  1.5  0.30  1.9-14.1  0.006-0.048  0.16-0.40  0.0038-28.5 
2  2.4  0.30  2.6-14.1  0.014-0.068  0.06-0.51  0.0043-51.9 
3  3.4  0.30  1.9-23.8  0.013-0.135  0.16-0.75  0.014-11.8 
4  4.5  0.30  2.6-28.7  0.017-0.136  0.18-0.79  0.013-23.3 
5  5.65  0.30  4.1-15.7  0.033-0.124  0.49-0.87  0.024-9.28 
6  7.15  0.30  4.1-23.8  0.029-0.121  0.54-0.93  0.080-62.4 
7  9.0  0.30  6.5-15.7  0.051-0.114  0.62-0.96  0.059-26.7 
8  12.0  0.30  11.5-28.7  0.043-0.100  0.61-1.07  0.070-37.2 
4  Incipient  Motion  of  Coarse  Uniform  Sediments  94 b 
a) 
10 
w 
aý 
Z 
w 
w 
w  0 
cd 
N 
t7 
Cc 
F 
a) 
Cý  -,  4  :  tý  ýt 
-t 
i 
d 
￿ 
q 
'..  O  O  O  N 
oÖ  O 
O'  N  tlý  ý  '  "  Ö  ,  ON  O  O  N  N 
bq 
v 
O  O 
g  O  O  M  N 
O  O  O 
E-ý  O  Ö 
V7  N  N  00  M  N  O  It  l-  O)  O  M  vn  vn  O  In 
i  i  i  Oý 
1 
OC 
I 
O)  O  ON  i  A  N  a) 
10  C  M  M  ON  l-  O) 
0  0  0  0  0  0  0  0 
r+  [ý  N  O  -  L,  tt  N  O  -  N  O  M  N  N 
Ö  Ö  Ö  Ö  Ö  Ö  Ö  Ö 
O  O  O  O  -  O  O 
C  Ö  Ö  Ö  Ö  O  Ö  Ö 
00 
4  O  ýO  tý  mot;  O  O 
C  N 
C%1 
N  4  N 
cö 
4  Ö  Ö 
M  N 
00 
b  O  p  O 
-'t 
"-+ 
C7, 
[- 
N 
O 
O 
O 
ýc 
O 
ýO 
3  ý-  ö  ö  ö  ö  ö  ýr  ö  ö 
b 
b 
U_  ...  b  tn  M 
Ö  N  N 
O 
N 
N 
O  ^ 
N 
cV 
N  N 
It  oo  O  yr 
Ö 
W)  Iri 
N 
N  ý  ý  N 
.  -ý  ýO  r-+ 
N 
N 
CN 
V  --ý  ^  00 
o  ýJ  Oý 
00 
E 
M 
C% 
r 
as 
^  ON  "C  00  4- 
0 
&n 
C7\ 
en 
-4 
-  r- 
cis 
ON 
cd 
w  Ü  äý  x  ä  H-  r-4 
=  7 
4  Incipient  Motion  of  Coarse  Uniform  Sediments  95 Figure  4.1  Schematic  diagram  of  a  bed  area  with  displaced  and  immobile  particles. 
rý  r 
"'f  ..  '  iý+º 
vif*  N" 
yew  "ý  r 
.. 
r*" 
'  eiYý'  ýt- 
a~fi  r"  "ýi 
"+ýý 
"ý  trjAt, 
I, 
i  s«  h, 
.4  +rf 
+"1!  w"s 
bl  *0 
"  f! 
*"! 
ýr 
.  .arfr 
"i  """ý.  b  ý»  a  1ý  im  ,Mi+  r  ýý  f.  ý! 
ý4 
g'.  '  "I.  "1  "+ 
"# 
litt  " 
ýw"s 
.  ., 
f  j"  M  " 
" 
+"vrf  'ý  Si"'r.  t1 
a""""ff 
ý"  f  "r  b  8-  " 
'1  004  01  Mf  "  ""  fa 
Figure  4.2  An  image  of  the  bed  with  displaced  fluorescent  particles  (flow  right  to  left). 
4  Incipient  Motion  of  Coarse  Uniform  Sediments  96 d=3.4  mm,  slope  0.0083 
0.001  h=4 
.  24  cm 
4.12  cm 
0.0001  ------  ---------  86  cm  3 
.  . 
---------  3.55  cm 
CL 
0.00001  mean 
----  ---  ----- 
I  steady 
3.30  cm 
co 
0.000001 
0  10  20  30  40  50  60  70 
Elapsed  time  (min) 
Figure  4.3  Change  of  transport  intensity  I  with  time. 
4  Incipient  Motion  of  Coarse  Uniform  Sediments  97 0.1 
0.01 
.  0.001 
co C 
a) C 
0.0001 
0 
cL 
c 
co 
~  0.00001 
0.000001 
  
 ! 
I_q*b  +r 
,Q 
d  (mm) 
00  *1.5 
" 2.4 
r33.4 
ýýo 
" 
   "  4.5 
o5.65 
'ýEý  "  7.15 
9.0 
+  12.0 
0.000001  0.00001  0.0001  0.001  0.01 
Bedload  parameter  q  *b 
0.1 
Figure  4.4  Relationship  between  transport  intensity  I  and  bedload  parameter  q  `b 
. 
4  Incipient  Motion  of  Coarse  Uniform  Sediments  98 E 
E 
cli 
'ýj 
E 
E 
Irt 
(V 
"rzl 
E 
E 
LO 
T 
'rs 
N 
ýO  77 
O 
a 
O 
TI 
jý 
1 
r. 
/ 
CD  rLMr 
'o 
N  'It  (O  CO  It  .}Ir 
ý- 
ÖÖÖÖO  1O  1  dv 
°öööööII 
04tO  "`"  IW 
ii 
ii 
i  a?  Fl  o 
I-oT 
IOb 
10 
(D  V--  In  M  V-- 
I 
a)  N  'Ih  co  QO 
QOOOO 
oOOOOO  OOOOOI 
O"  4tOI 
i  rn-rT-imn 
.  or 
T- 
T 
W 
t 
°a 
LO  CID 
"t  CO  00  I 
4)  OOO  O-  I  *ý- 
Q.  OOOOO 
0Oöööö 
ýv.  CD  °"4.  OI  & 
W 
T 
O 
T 
O 
0 
ii 
U) 
tý 
.  - 
O 
Ö 
Ö 
T- O 
a) 
b 
a.  ) 
40. 
r. 
w 
CA 
a) 
0 
0 
P.  4 
T-  7-  T-  T-  ro  rO00000 
O  b.. 
OA 
0 
CS  0ö0  Gz 
0O 
Rb  Jeiewernd  peolpe  0 
4  Incipient  motion  of  coarse  Uniform  Sediments  99 1 
E 
E 
U) 
"I'll 
E 
E 
U) 
co 
u) 
11 
E 
E 
4 
'It 
LO  Cl)  T  00 
co  co  qt  M 
a)  o  O  -  N 
a  o  0  0  0 
°  ö  ö  d  d 
T 
T 
Q 
W 
-  -1 
'v0  1 
N  OI 
O  O 
_  II 
ºr  I 
i  I  " 
r  t!  )  CO  It)  .  -  et  '- 
, qt  0O 
CO 
0 
OD 
O 
T 
TT  O1 
I 
T 
'e 
ý  O 
0 
O  0  OO  ý 
j.,  O 
V/ 
O  O  OO  º.  I  & 
"  a  .O  I  LL1 
1 ö 
T 
0 
d 
Cl) 
'^v^/ 
W 
v! 
N 
VJ 
T 
O 
O 
T 
G 
T 
O 
OO1r  '- 
° 
O  °O  000 
pOO 
ÖQ 
q*  b  ia}aweaud  polpa8  ° 
I" 
" 
(D  -  LO  C)  -  ºý  I 
OÖÖÖO  rte- 
co  I  r' 
000000 
0000OÖOv 
O"  dt  O" 
IW 
I-N 
0 U 
a.  ý 
d 
Lw 
bA 
..  r  ýI 
4  Incipient  Motion  of  Coarse  Uniform  Sediments  100 E 
E 
O 
N 
"Cj 
E 
E 
0 
ai 
'IZ2 
" 
I 
" 
LO  CO  N 
r-  0 
ý  rrr  (V  r 
Q.  OOOO 
ÖOÖ(:  5 
U)  I 
 Ox 
W 
Ö 
CO 
co 
Cl) 
tT 
Q 
co 
N 
s 
O 
0000 
OOOÖÖ 
O 
ÖO 
qb  ie  ewei  d  pBolpa8  0 
II 
N 
O 
ýI 
I 
IT 
ANI 
Cf)  LO 
_ 
1 
Q  ý_  O_  1T 
cl  o) 
CC) CC  )" 
OOOIIv  0 
C;  oO  ý'I 
Q 
4N0I  LLI 
.  -.  b 
aý 
a 
0 U 
R+ 
b,  Q 
..  r  ýI 
4  Incipient  Motion  of  Coarse  Uniform  Sediments  101 0.08 
0.07 
0.06 
0.05 
-ýv  0.04 
FD 
s 
U) 
0.03 
0.02 
0.01 
10 
r 
ýýo 
r  -6-1.5  mm 
0  2.4  mm 
A  4.5  mm 
-0-7.15  mm 
--D-12.0  mm 
-  f-  22.2  mm  (Bathurst  et  al.  ) 
-  -0  -  44.3  mm  (Bathurst  et  al.  ) 
-*-23.5  mm  (Graf  and  Suszka) 
0  0.01  0.02  0.03  0.04  0.05  0.06  0.07 
Slope  J 
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Figure  4.11  Bedload  transport  data  for  uniform  sediments  from  other  studies 
fitted  by  relationship  (4.11). 
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Figure  4.11  (continued). 
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Figure  4.13  Relationship  between  critical  flow  characteristics  (bed 
hydraulic  radius  Rb  and  bed  slope  J)  and  grain  size  d  for  two  different 
"critical"  values  of  intensity  of  sediment  motion  I. 
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Figure  4.14  Variation  of  parameter  a  with  grain  size  d. 
4  Incipient  Motion  of  Coarse  Uniform  Sediments  112 Figure  4.15  Longitudinal  ridges  and  troughs  developed  in  2.4  mm  sediment: 
(top)  slope  J=0.0041,  depth  h=0.0530  m;  (bottom)  J=0.0065,  h=0.0305  m. 
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Figure  4.16  Paths  of  t  Iuorescent  bed  particle  motion  (from  photo  taken  with  10  s 
exposure)  and  longitudinal  ridges/troughs  in  experiment  with  d=2.4  mm,  J=0.0065, 
h=0.0354  M. 
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I  Flow 5 
Incipient  Motion  of  Graded  Sediments 
"I  will  treat  of  such  a  subject.  But  first  of  all,  I  shall 
make  a  few  experiments  and  then  demonstrate  why 
bodies  are  forced  to  act  in  this  manner.  " 
(Leonardo  da  Vinci) 
5.1  Threshold  Conditions 
In  the  previous  chapter  a  new  method  for  determining  incipient  motion  of  coarse 
uniform  sediments  was  introduced  and  discussed.  This  method  is  based  on  measuring 
the  fraction  of  bed  particles  mobilized  in  unit  time  (which  is  the  equivalent  of  the 
probability  of  sediment  entrainment)  in  relation  to  the  applied  shear  stress.  The 
"critical"  state  of  the  bed  is  estimated  in  terms  of  an  admissible  intensity  (probability)  of 
sediment  motion.  The  appropriate  flow  conditions  are  called  "critical"  or  "threshold" 
conditions. 
Application  of  this  probabilistic  approach  to  beds  composed  of  uniform  sediments 
is  relatively  straightforward.  However,  in  the  case  of  graded  sediments  this  approach 
requires  estimating  the  active  proportion  of  each  size  fraction  in  the  sediment  mixture, 
which  is  a  rather  difficult  task.  In  principle,  it  can  be  done  through  painting  the  fractions 
in  different  colours  and  monitoring  displacement  of  individual  painted  grains  (e.  g., 
Rakoczi  1987,  Wilcock  and  McArdell  1993,1997,  Wilcock  1997a).  However,  this  is 
very  laborious  and  time  consuming,  given  the  wide  range  of  sediment  mixtures  planned 
in  this  investigation.  Fortunately,  experiments  with  uniform  sediments  have  revealed  a 
linear  relationship  between  the  intensity  of  sediment  motion  I  and  the  dimensionless 
bedload  transport  rate  qb  (Figure  4.4).  That  is,  the  proposed  probabilistic  approach  to 
the  bed  sediment  entrainment  actually  reduces  to  the  simple  reference  transport  method, 
which  is  based  on  the  use  of  bedload  transport  relations  and  which  is  readily  applicable 
to  mixed-size  sediments.  Therefore,  the  reference  transport  method  is  used  here  to 
define  threshold  conditions  for  each  size  fraction  in  graded  sediments. 
5  Incipient  Motion  of  Graded  Sediments  115 The  reference  transport  method  used  here  differs  from  those  proposed  by  others 
(e.  g.,  Ackers  and  White  1973,  Parker  et  al.  1982)  in  that  it  relates  the  critical  value  of 
Shields  stress  for  each  size  fraction 
*_T_ 
Rb  J 
ý` 
S  (Ps 
-P)dj(s-1)d; 
(5.1) 
to  the  normalized  Einstein  bedload  parameter 
96i 
qbi  _-  (5.2) 
3 
fi  p,  (s-1)  S  di 
where  ti  =  pgRb  J  is  the  bed  shear  stress,  g  is  the  gravitational  acceleration,  R.  is  the 
hydraulic  radius  of  the  bed  (corrected  for  the  side-walls  effect,  see  Section  4.3.2, 
Chapter  4),  J  is  the  slope,  ps  is  the  sediment  density,  p  is  the  fluid  density,  s=  ps/p  is 
the  specific  density,  d,  is  the  mean  size  of  fraction  i,  qb;  is  the  fractional  transport  rate 
computed  as  p;  qb  ,  qb  is  the  bedload  transport  rate  per  unit  width  (dry  weight),  p,  is 
the  proportion  of  fraction  i  in  the  transport,  and  f,  is  the  proportion  of  fraction  i  in  the 
bed  surface.  The  critical  Shields  stress  r:,  is  estimated  as  the  stress  corresponding  to  a 
reference  transport  rate  chosen  as  representative  of  the  threshold  for  motion  of  ith  size 
fraction.  To  provide  a  flexible  approach  to  defining  the  "critical"  state  of  the  streambed 
required  for  solving  various  engineering  problems,  the  two  different  reference  transport 
conditions  used  earlier  for  uniform  sediments  are  considered  here:  (a)  qb;  =10-4 
("threshold  1")  and  (b)  q6r  =10-2  ("threshold  2").  These  values  of  qb;  are  the 
equivalent  of  fractional  transport  intensities  (or  fractional  entrainment  probabilities)  of 
I  =10-4  s'1  and  I  =10-2  s't,  respectively  (see  Figure  4.4).  As  mentioned  in  Chapter  4, 
the  value  of  qb;  =10-4  is  close  to  the  practical  lower  limit  of  measurable  sediment 
transport  rate  and  corresponds  to  the  Kramer's  (1935)  definition  of  "weak"  sediment 
transport,  while  the  value  of  qb1  =10-2  corresponds  to  the  Kramer's  (1935)  "general 
movement"  on  the  bed. 
5  Incipient  Motion  of  Graded  Sediments  116 There  are  several  reasons  for  using  the  Einstein  bedload  parameter  (5.2)  as  a 
reference  transport  criterion.  Firstly,  it  is  widely  used  in  sediment  transport  formulas. 
Secondly,  at  low  values  of  ci  ,  plots  of  q,  *;  versus  r;  tend  to  be  very  steep,  unlike,  for 
example,  Parker  et  al.  (1982)  bedload  parameter  W;  '  =  qb;  /'T;  3/2.  This  results  the 
determined  values  of  ti:,  being  less  sensitive  to  the  accuracy  of  sediment  transport 
measurements.  Finally,  the  Einstein  bedload  parameter  can  be  readily  interpreted  in 
terms  of  the  proportion  of  mobilized  particles  relative  to  immobile  particles  in  the  bed 
surface,  or,  in  other  words,  the  probability  of  bed  particle  entrainment  (Figure  4.4). 
5.2  Experimental  Procedures 
5.2.1  Armfield  flume 
A  major  part  of  the  experiments  with  the  sediment  mixtures  designated  N-1,  N-2, 
N-3,  F,  C,  and  B  (see  Table  3.2,  Figures  3.15  and  3.16)  was  conducted  in  the  Armfield 
flume.  The  experimental  procedures  for  the  graded  sediments  were  in  general  similar  to 
those  used  for  uniform  sediments,  but  without  direct  measuring  of  the  intensity  of 
sediment  motion  as  reference  transport  method  was  used  to  estimate  threshold 
conditions.  In  addition,  based  on  the  experience  from  the  previous  tests  with  uniform 
sediments,  bedload  sampling  during  near-to-threshold  flow  conditions  was  started  about 
15-25  min  after  the  uniform  flow  was  established.  At  this  time  any  artificial  features 
arising  from  the  screeding  of  the  laid  bed  were  judged  to  have  dissipated,  and  the 
transport  rate  diminished  from  its  initial  peak  value  and  approached  a  steady  value 
corresponding  to  water  worked  bed  conditions. 
The  experiments  included  measurements  of  bed  slope,  water  discharge,  flow 
depth,  cumulative  bedload  transport  rate,  and  water/air  temperature.  The  bedload 
accumulated  in  the  sediment  trap  was  subsequently  dried,  weighed,  and  sieved  to  obtain 
the  time-averaged  bedload  transport  rate  for  the  duration  of  the  measurements  and 
cumulative  bedload  grading.  In  addition,  areal  samples  of  the  bed  surface  material  were 
taken  at  different  parts  of  the  flume  before  and  after  each  experiment.  The  bed  surface 
samples  were  taken  by  removing  a  top  layer  material  of  about  one  centimetre  thick 
using  a  thin  metal  plate.  Care  was  taken  to  cause  minimum  disruption  of  the  bed 
structure  during  the  sampling  procedure.  The  bed  surface  samples  were  then  sieved  to 
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analysis  of  the  surface  samples  showed  that  the  initial  and  final  bed  surface  size 
distributions  were  practically  the  same  for  all  experiments  and  these  were  also  not 
appreciably  different  from  the  corresponding  bulk-mix  distributions.  Thus,  there  was  no 
influence  of  vertical  sorting  on  sediment  transport  during  the  experiments. 
The  experiments  were  conducted  at  several  of  the  flume  slopes  used  in  the  tests 
with  uniform  sediments  (0.0041-0.0141).  Water  discharge  varied  from  3.0  to  30.4  L  s"1. 
The  duration  of  the  experiments  varied  from  a  few  minutes  to  3.3  hours,  depending  on 
sediment  transport  rate,  usually  about  1-1.5  hours.  As  before,  sediments  were  not  re- 
circulated  or  fed  into  the  flume  during  the  experiments  because  of  the  generally  very 
low  sediment  transport  rates  and  relatively  short  duration  of  the  experiments.  After  each 
experiment  the  top  few  centimetres  of  the  bed  were  removed  and  replaced  with  newly 
mixed  material. 
A  total  of  130  experiments  (112  hours)  with  graded  sediments  were  completed  in 
the  Armfield  flume.  The  range  of  hydraulic  conditions  and  sediment  transport  rates 
observed  in  the  experiments  is  given  in  Table  5.1.  All  the  measured  hydraulic  and 
transport  data  are  given  in  Table  B.  1  (Appendix  B).  The  bedload  gradings  and 
compositions  of  the  final  bed  surface  are  given  in  Tables  B.  2  and  B.  3  (Appendix  B), 
respectively. 
5.2.2  HR  Wallingford  flume 
Supplementary  experiments  with  the  widely  graded  mixture  designated  HR  (Table 
3.2,  Figures  3.15  and  3.16)  were  undertaken  in  the  HR  Wallingford  flume.  The  pre- 
experimental  arrangements  were  similar  to  that  used  in  the  Armfield  flume.  This 
included  preparation  of  a  flat  bed,  slow  flooding  of  the  bed  from  the  downstream  end  of 
the  flume,  and  gradual  increase  of  water  discharge  until  it  reached  an  experimental 
value.  The  measured  characteristics  were  the  bed  slope,  water  discharge,  flow  depth, 
surface  flow  velocity  (by  floats),  bedload  transport  rate,  and  bedload  composition. 
During  the  experiments,  a  series  of  consecutive  bedload  samples  were  taken. 
Sampling  time  decreased  with  transport  rate,  ranging  from  60  to  2  minutes.  After 
measurement  of  the  volume  of  each  bedload  sample  (which  gave  mean  transport  rate 
during  sampling  interval),  all  the  bedload  was  returned  to  the  flow  at  the  flume  inlet. 
Thus,  in  this  experiments  a  manual  re-circulation  of  sediment  transported  was  provided. 
Only  one  sample  for  each  experiment  was  extracted  for  subsequent  sieving  analysis. 
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new  sediment  added  and  levelled. 
The  experiments  were  conducted  at  a  bed  slope  of  0.0045  and  for  a  variety  of 
flows  with  different  degrees  of  bed  mobility.  The  duration  of  the  experiments  varied 
from  a  few  minutes  to  5.4  hours.  In  spite  of  the  wide  grain  size  distribution  of  the  mix 
HR,  all  the  sediment  sizes  found  in  the  bed  were  transported  as  bedload. 
Altogether  12  experiments  with  a  total  duration  of  20  hours  were  performed  in  HR 
Wallingford  flume.  A  summary  of  the  experimental  conditions  is  given  in  Table  5.1.  All 
the  measured  hydraulic  and  transport  data,  and  bedload  gradings  are  presented  in  Tables 
C.  1  and  C.  2  (Appendix  Q. 
5.3  Additional  data 
The  present  analysis  is  based  on  both  experimental  results  collected  as  part  of  this 
study  and  data  from  previous  investigations.  The  primary  requirement  used  to  select  the 
additional  data  examined  here  is  that  the  fractional  transport  rates  were  measured  over  a 
wide  range  of  bed  mobility,  including  very  low  transport  rates  near  to  incipient  motion. 
Additionally,  the  data  should  cover  a  range  of  bed  material  gradings  and  median 
sediment  size.  Given  the  established  effect  of  bed  slope  on  incipient  motion  of  uniform 
sediments  (Chapter  4),  a  further  requirement  is  that  the  fractional  transport  data  were 
collected  at  the  same  bed  slope  (at  least  near  incipient  motion).  Unfortunately,  most  of 
the  published  laboratory  data  for  graded  sediments  were  measured  at  significantly 
different  slopes  and  presented  together  in  an  attempt  to  obtain  a  unique  relationship 
between  fractional  transport  rates  and  different  flow  characteristics.  This  significantly 
limits  the  usefulness  of  most  of  the  existing  sets  of  flume  data.  Although  bedload 
transport  in  natural  streams  is  measured  with  a  much  lower  accuracy  compared  to  the 
controlled  conditions  of  the  flume  experiments,  the  field  data  are  free  from  the  effect  of 
changing  bed  slope. 
Only  a  few  studies  of  graded  sediment  transport  provide  the  required  information. 
The  nine  sources  of  flume  and  field  data  chosen  for  this  study  include  Day  (1980),  Misri 
et  al.  (1984),  Wilcock  and  Southard  (1988),  Patel  and  Ranga  Raju  (1996),  Parker  and 
Klingeman  (1982),  Pozdnyakov  (1987),  Kuhnle  (1992),  Andrews  (1994),  and  Wathen  et 
al.  (1995).  Summaries  of  bed  material  characteristics  and  ranges  in  hydraulic  conditions 
5  Incipient  Motion  of  Graded  Sediments  119 and  transport  rates  are  given  in  Tables  5.2  and  5.3,  respectively.  Cumulative  grain  size 
distributions  for  all  the  bed  materials  are  compared  in  Figure  5.1.  The  data  were 
collected  using  different  operational  and  measurement  procedures,  and  differ  in 
accuracy  and  reliability,  but  all  refer  to  the  transport  of  coarse  sand  and  gravel  mixtures 
on  a  reasonably  flat  bed  by  steady,  uniform  flow.  The  following  is  a  brief  discussion  of 
the  sources  of  the  additional  data  chosen  for  the  analysis. 
5.3.1  Flume  data 
Day  (1980)  studied  fractional  transport  of  two  weakly  bimodal  graded  sediments 
made  up  of  a  natural  mixture  obtained  from  a  local  gravel  pit.  The  study  was  undertaken 
in  the  same  18  m  long  by  2.46  m  wide  HR  Wallingford  tilting  flume  as  was  used  in  the 
part  of  the  work  presented  in  this  thesis.  The  thickness  of  the  sediment  bed  in  the  flume 
was  10-20  cm.  The  individual  experiments  were  conducted  at  a  constant  water 
discharge  and  a  variety  of  bed  slopes,  which  allowed  different  transport  rates  to  be 
observed.  The  experiments  consisted  of  measurements  of  sediment  transport  rate,  water 
discharge,  water  surface  elevation,  and  flow  depth.  The  bedload  transported  was  re- 
circulated  using  a  sediment  return  pumping  system.  The  sediment  load  was  measured  as 
it  re-entered  the  main  channel  through  a  set  of  nozzles  at  the  upstream  end  of  the  flume. 
Although  this  method  of  sampling  could  introduce  systematic  errors,  particularly  as  the 
rates  of  size  fraction  transport  must  differ  between  the  main  flume  channel  and  the 
return  system  piping  (32  mm  diameter),  it  was  chosen  for  economic  reasons.  Sampling 
suspended  load  via  Pitot  tubes  indicated  that  even  at  higher  transport  rates  the  amount  of 
suspended  material  was  very  small  and  its  contribution  to  the  total  load  was  ignored.  All 
bedload  samples  were  taken  not  less  than  two  hours  after  the  beginning  of  the 
experiments.  After  each  experiment  the  top  few  centimetres  of  the  bed  material  was 
removed  and  replaced  by  fresh  material  so  that  the  new  experiment  would  not  be 
affected  by  vertical  sorting.  As  bedload  was  measured  at  different  slopes,  only  data 
collected  during  series  A  experiments  for  fractions  with  median  size  1.55-8.69  mm 
could  be  used  for  the  present  analysis  (near-to-threshold  transport  rates  of  these 
fractions  were  measured  at  slopes  around  -0.0010).  These  data  presented  in  tabular 
form  are  used  here  to  obtain  qb;  versus  'ri  fractional  bedload  relations. 
Misri  et  al.  (1984)  undertook  flume  experiments  involving  measurements  of  the 
bedload  transport  rates  of  different  fractions  in  various  sediments.  The  experiments 
were  carried  out  in  a  tilting  flume  having  a  length  of  16.0  m,  width  of  0.75  m,  and  a 
5  Incipient  Motion  of  Graded  Sediments  120 depth  of  0.48  in.  The  sediments  investigated  were  composed  of  natural  sand  and  gravel 
and  had  different  gradations.  A  sediment  trap  at  the  downstream  end  of  the  flume  was 
used  to  collect  the  transported  sediment.  The  same  material  was  continuously  fed  back 
manually  at  the  upstream  end  of  the  flume  at  a  constant  rate  to  maintain  sediment 
equilibrium.  The  effective  bed  shear  stress  was  defined  using  the  hydraulic  radius  of  the 
bed  computed  from  the  Manning-Strickler  equation.  The  transport  data  obtained  for 
sediment  mixture  N2  are  presented  graphically  as  plots  of  normalized  Einstein  bedload 
parameter  qb  1  versus  Shields  stress  ri  for  a  number  of  fractions  ranging  from  0.71  mm 
to  17.89  mm  (Misri  et  al  1984,  their  Fig.  6).  These  data  were  collected  for  a  rather 
narrow  range  of  slopes  (0.0038-0.0048),  which  allowed  them  to  be  analysed  according 
to  the  present  method. 
Wilcock  and  Southard  (1988)  studied  incipient  motion  of  different  mixed-size 
sediments  in  a  23  m  long,  0.6  m  wide,  and  0.3  m  deep  tilting  flume.  The  thickness  of  the 
sediment  bed  in  the  flume  was  7  cm.  The  experiments  consisted  of  measurements  of  a 
standard  set  of  variables  including  water  discharge,  flow  depth,  water  surface  slope,  and 
sediment  transport.  Uniform  flow  during  the  experiments  was  maintained  by  adjusting 
the  flume  slope.  All  the  transported  sediment  fell  into  a  trap  at  the  downstream  end  of 
the  flume  and  was  returned,  with  a  small  discharge  of  water,  to  the  head  of  the  channel 
through  a  2.5  cm  tube  using  an  air-driven  pump.  Sediment  transport  was  sampled  by 
passing  the  water-sediment  mixture  in  the  sediment  return  system  through  a  sieve  that 
trapped  the  sediment.  Total  bed  shear  stress  was  computed  using  the  sidewall  correction 
procedure  of  Vanoni  and  Brooks  (Vanoni  et  al.  1971).  Because  bed  forms  were  present 
in  many  runs,  an  estimate  of  the  skin  friction  part  of  the  total  bed  shear  stress  was  also 
made.  Fractional  transport  rates  for  MIT  10  sediment  mixture  are  presented  graphically 
in  Wilcock  and  Southard  (1988)  in  their  Fig.  4  in  terms  of  the  Parker  et  al.  (1982) 
bedload  parameter  =  qb; 
/'E,  *  3V2 
versus  Shields  stress  r;.  The  experiments  with  the 
MIT  10  sediment  were  conducted  at  different  slopes,  but  near-to-threshold  transport  for 
all  size  fractions  ranging  from  0.77  mm  to  6.17  mm  was  observed  at  slopes  of  about 
0.0011. 
Patel  and  Ranga  Raju  (1996)  studied  fractional  bedload  transport  rates  for  five 
different  unimodal  sediment  mixtures  in  a  12  m  long,  0.40  m  wide,  and  0.52  m  deep 
titling  flume.  The  sediments  were  mixed  from  natural  sand  and  gravel,  and  ranged  in 
size  from  0.60  mm  to  40.00  mm.  The  thickness  of  the  sediment  bed  in  the  flume  was 
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manually  feeding  back  the  sediment  collected  in  a  trap  located  at  the  downstream  end  of 
the  flume.  When  equilibrium  conditions  were  achieved,  three  bedload  samples,  each 
collected  for  a  duration  of  2  minutes  to  10  minutes  depending  upon  the  sediment 
discharge,  were  taken.  These  samples  were  then  dried,  weighed  and  sieved  to  get  the 
transport  rates  of  individual  fractions  in  a  sediment  mixture.  The  experiments  were 
conducted  at  different  slopes  and  a  variety  of  water  discharges.  No  bed  features  were 
observed  in  any  of  the  runs.  Bed  shear  stress  was  calculated  in  the  same  manner  as  in 
Misri  et  al.  (1984).  The  composition  of  the  sediment  bed  surface  was  measured  before 
and  after  each  run  by  pouring  molten  wax  on  the  bed  surface  within  a  wooden  frame. 
The  analysis  of  the  surface  samples  showed  that  the  composition  of  the  bed  surface  did 
not  change  noticeably  during  the  runs  and  was  the  same  as  of  the  bulk  bed  material.  The 
experimental  qb;  versus  ti;  relations  obtained  for  0.67-11.18  mm  size  fractions  in 
mixture  M3  are  presented  in  Fig.  3  of  Patel  and  Ranga  Raju  (1996).  As  these  were 
measured  at  a  narrow  range  of  slopes  of  0.0044-0.0056  (see  Patel  and  Ranga  Raju 
1999),  they  are  used  for  the  present  analysis. 
5.3.2  Field  data 
Parker  and  Klingeman  (1982)  utilized  bedload  transport  data  collected  in  Oak 
Creek,  Oregon,  U.  S.  A.  by  Milhous  (1973).  Oak  Creek  is  a  small,  steep,  gravel-bottomed 
stream  with  the  width  of  bed  gravel  of  about  3.66  m.  Bedload  measurements  were 
accomplished  by  means  of  a  vortex  tube  extractor  extending  the  full  width  of  the 
channel.  The  comprehensive  information  concerning  both  bed  material  and  bedload  size 
distributions,  the  use  of  a  measuring  technique  which  avoids  most  of  the  efficiency 
problems  associated  with  samplers,  and  the  small  scale  and  simple,  flume-like  geometry 
of  Oak  Creek,  render  the  data  collected  by  Milhous  of  special  value.  The  22 
measurements  made  during  the  winter  of  1971  appeared  to  correspond  to  conditions  at 
which  the  pavement  was  "mobile",  i.  e.,  sizes  common  in  the  pavement  were  present  in 
the  bedload.  These  measurements  were  plotted  as  fractional  bedload  relations  in  terms 
of  the  Parker  bedload  parameter  W;  '  based  on  pavement  content  versus  Shields  stress 
for  the  ten  coarsest  size  fractions  ranging  from  0.89  to  89  mm  (Parker  and 
Klingeman  1982,  their  Fig.  2b).  Both  W;  '  and  ti;  were  calculated  using  the  hydraulic 
radius.  The  W,  '  versus  'r  relationships  are  well  defined,  with  the  fractional  transport 
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study  (qb;  =10-4  ). 
Pozdnyakov  (1987)  measured  bedload  transport  and  associated  flow 
characteristics  in  the  gravel-bed  Ala-archa  River,  Kirgizia,  during  1985-1986.  The 
measurements  during  the  summer  of  1985  were  made  using  a  multi-sectional  bedload 
mesh  sampler  mounted  on  a  metal  rod.  The  sampler  was  0.26  m  wide  and  was 
composed  of  a  vertical  set  of  four  metal  frames  with  attached  mesh  bags  for  sampling 
bedload  coarser  than  5  mm  at  different  layers  of  the  flow  (0.0-0.20  m,  0.20-0.35  m, 
0.35-0.45  m,  and  0.45-0.49  m  above  the  bed).  Such  design  of  the  sampler  allowed  not 
only  measurement  of  transport  rates  and  bedload  composition,  but  also  determination  of 
saltation  height  of  different  size  fractions.  The  measurements  showed  that  between  80% 
and  100%  of  bedload  was  transported  within  0.0-0.20  m  active  layer  above  the  bed 
surface.  The  measurements  during  the  summer  of  1986  were  made  by  means  of  an 
"extended"  bedload  sampler,  which  was  a  modification  of  the  multi-sectional  sampler. 
A  total  of  43  sets  of  tabular  data  on  bedload  transport  and  associated  hydraulic 
characteristics  are  available.  These  data  are  used  to  obtain  qb;  versus  ti;  fractional 
bedload  relations.  Here  r  corresponds  to  grain  roughness  and  is  defined  using 
hydraulic  radius  of  the  bed  Rb  computed  from  the  Manning  formula  U=  Rb  3  J'/z/ng 
with  the  grain  roughness  coefficient  given  by  the  Strickler  equation  ng  =  0.048  ds  6 
(Carson  and  Griffiths  1987). 
Kuhnle  (1992)  measured  transport  rates  of  eight  size  fractions  (0.35-45.25  mm)  of 
the  weakly  bimodal  bed  material  on  Goodwin  Creek,  U.  S.  A.,  from  1984  to  1988. 
Bedload  samples  were  collected  with  modified  Helley-Smith  samplers  (Helley  and 
Smith  1971)  suspended  from  a  footbridge  at  the  upstream  end  of  a  "V"-shaped 
supercritical  flow  concrete  structure  installed  in  the  stream  channel.  The  samplers  had 
trapezoidal  inlet  orifice  with  the  area  of  58.06  cm2.  Altogether  488  bedload  samples 
were  collected.  Corresponding  values  of  bed  shear  stress  were  calculated  using  the 
hydraulic  radius  and  water  surface  slope  measured  in  a  106  m  straight  reach  63  m 
upstream  from  the  location  where  the  samples  were  collected.  The  data  were  averaged 
to  eliminate  the  natural  variability  of  the  bedload  transport  processes  for  gravel  and  to 
define  the  mean  transport  rate  for  a  given  flow  strength.  The  averaged  bedload  relations 
were  presented  graphically  as  W;  `  versus  ti;  plots  (Kuhnle  1992,  his  Fig.  7.6).  Although 
the  fractional  transport  data  were  normalized  on  the  composition  of  the  sub-surface 
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surface  and  sub-surface  material  allowed  the  use  of  the  bedload  relations  presented  in 
Kuhnle  1992  for  the  purposes  of  the  present  analysis. 
Andrews  (1994)  observed  marginal  bedload  transport  in  gravel-bed  Sagehen 
Creek,  California,  U.  S.  A.  A  study  reach,  approximately  160  m  long,  was  established 
immediately  upstream  from  a  gauging  station  in  order  to  investigate  the  hydraulic  and 
sediment  transport  characteristics.  The  bedload  was  sampled  from  a  footbridge  using  a 
hand-held  Helley-Smith  sampler  with  a  15  x  15  cm  orifice  and  0.25  mm  mesh  bag.  A 
number  of  samples  were  collected  in  a  cross  section,  the  sampling  period  of  each  single 
measurement  being  4  minutes.  Water  discharge  during  the  sampling  was  obtained  from 
the  gauging  station.  Total  energy  slope  was  determined  between  the  crests  of  the  first 
riffles  upstream  and  downstream  of  the  footbridge,  with  the  distance  between  the  riffles 
of  46  in  or  about  10  channel  widths.  All  of  the  measurements  were  collected  during  the 
spring  snowmelt  periods  of  years  1982-1984.  Migrating  bed  forms  or  bars  were  not 
observed  in  the  Sagehen  Creek  study  reach  at  any  time.  Altogether  55  sets  of  tabular 
data  on  flow  conditions  and  bedload  transport  rates  for  fractions  ranging  from  8  to  128 
mm  are  available.  These  data  are  used  to  obtain  plots  of  qb  1  versus  'r  ,  with  i;  defined 
using  the  Manning  and  Strickler  equations  [see  description  of  Pozdnyakov  (1987)  data 
above]  to  account  for  the  effect  of  channel  forms  (riffles)  on  flow  characteristics. 
Wathen  et  al.  (1995)  studied  transport  of  bedload  in  the  Allt  Dubhaig,  a  small 
river  in  Scotland.  Their  approach  was  to  trap  the  sediment  transported  during  flood 
events  over  a  period  and  relate  the  amount  and  size  distribution  of  trapped  sediment  to 
shear  stress  at  the  flood  peak,  rather  than  attempt  to  make  instantaneous  measurements 
of  transport  rate  and  shear  stress.  Integrating  transport  over  events  sacrificed  detail  but 
meant  that  sample  sizes  were  far  larger,  and  grain  size  information  far  more  reliable, 
than  would  have  been  the  case  with  point  samples.  The  bedload  and  hydraulic  data  were 
collected  during  1991-1993.  Bedload  was  monitored  using  a  trench  dug  across  the  full 
channel  width  and  lined  with  two  rows  of  plastic  bins  (each  about  45  cm  long,  30  cm 
wide,  and  30  cm  deep)  bolted  to  each  other  with  metal  strips.  The  total  trap  capacity  of 
over  1.5  tonnes  was  sufficient  for  most  flood  events,  the  trap  being  normally  emptied 
after  each  event.  The  channel  bed  near  the  trap  is  predominantly  composed  of  gravel 
with  a  secondary  sand  mode.  The  channel  is  almost  rectangular  in  shape  and  there  was 
no  sign  of  migrating  bed  forms,  therefore  form  drag  was  assumed  to  be  minimal.  The 
peak  shear  stress  for  each  event  was  calculated  from  the  depth-slope  product,  with  the 
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transducers  and  data  loggers.  Transport  rates  normalized  on  bed  surface  composition  for 
fractions  ranging  in  size  from  0.5  mm  to  64  mm  were  plotted  as  Parker  bedload 
parameter  as  W;  '  versus  Shields  stress  ti,  and  fitted  by  fractional  transport  curves 
(Wathen  et  al.  1995,  their  Fig.  7). 
5.4  Results 
5.4.1  Fractional  transport  rates 
Experimental  fractional  bedload  relations  are  the  basic  data  required  for  the 
reference  transport  approach  to  predicting  the  incipient  motion  of  different  size  fractions 
in  a  mixture.  Some  of  the  fractional  transport  data  obtained  in  this  study  are  given  in 
Figures  5.2  and  5.3.  Figure  5.2  shows  plots  of  q',  versus  ti,  obtained  for  mixtures  N-1, 
N-2,  N-3,  F,  C,  and  B  at  a  slope  of  0.0083.  Similar  plots  are  derived  for  all  the  other 
slopes  used  in  the  experiments.  Figure  5.3  shows  plots  of  q,  versus  r  obtained  for  the 
mixture  HR  at  a  slope  of  0.0045.  It  is  obvious  from  these  figures  that  strong 
intergranular  effects  are  present  in  all  the  mixtures  investigated.  These  effects 
significantly  reduce  mobility  of  fine  fractions  (due  to  sheltering  from  larger  grains)  and 
increases  mobility  of  coarse  fractions  (due  to  greater  exposure  and  instability)  in  mixed- 
size  sediments  compared  to  the  mobility  of  the  same  grain  sizes  in  uniform  sediments 
(compare  Figures  5.2  and  4.5).  The  wider  is  the  range  of  grain  sizes  in  a  mixture,  the 
more  pronounced  are  the  hiding  and  exposure  effects.  Similar  behaviour  of  individual 
size  fractions  is  evident  for  all  the  additional  flume  and  field  data  on  graded  sediment 
transport  compiled  in  this  study.  Some  of  the  field  data  expressed  in  terms  of  q;  j  versus 
ti;  are  shown  in  Figures  5.4  and  5.5. 
In  Figure  5.6,  the  qb;  versus  r;  plots  are  shown  for  some  size  fractions  in  mixture 
N-2  (present  study)  at  flume  slopes  ranging  from  0.0041  to  0.0141.  It  is  seen  from 
Figure  5.6  that  the  fractional  transport  rates  qb1  strongly  depend  on  the  slope  as  in  the 
case  of  uniform  sediment  (see  Figure  4.5).  In  the  present  experiments,  for  example, 
increase  of  bed  slope  from  0.0041  to  0.0141  caused  40-50%  increase  of  Ti- 
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before  in  the  literature  devoted  to  the  transport  of  graded  sediments.  That  is,  the 
behaviour  of  individual  size  fractions  is  strongly  affected  by  both  relative  position  of 
this  fraction  in  a  mixture  and  bed  slope.  The  latter  factor  can  be  explained  by  different 
resistance  of  the  grains  at  different  slopes  as  described  in  Section  4.3.3  of  Chapter  4. 
Therefore,  both  these  effects  should  be  taken  into  account  in  consideration  of  fractional 
thresholds.  More  importantly,  combined  analysis  of  incipient  motion  data  collected  at 
different  slopes  (commonly  applied  by  many  researchers)  is  unacceptable,  as  it  may 
lead  to  erroneous  conclusions. 
The  experimental  q;  versus  ti;  plots  were  used  to  determine  values  of  critical 
Shields  stress  r:;  corresponding  to  the  two  chosen  values  of  reference  transport  rate 
(qb1  =10-4  and  qb;  =10-2  )  as  shown  in  Figures  5.2-5.5.  In  some  cases  transport  data 
for  the  end  size  fractions  appear  above  and  below  the  reference  levels,  and  an 
extrapolation  of  the  data  has  to  be  made  to  read  the  appropriate  values  of  ti*;.  The 
extrapolation  was  applied  and  values  of  t:,  were  determined  only  for  those  fractional 
transport  data,  which  demonstrated  well-defined  trends  of  the  qb;  versus  'c;  relations. 
Although  there  is  always  some  degree  of  uncertainty  involved  in  extrapolating  data,  it  is 
believed  that,  given  the  natural  variability  of  the  sediment  transport  and  very  steep  qb; 
versus  ti;  relations  for  low  transport  rates,  the  extrapolation  errors  for  the  data  sets 
selected  are  within  the  errors  of  the  measurements. 
In  Figure  5.4  constructed  using  Oak  Creek  transport  data  from  Parker  and 
Klingeman  (1982),  the  widely  used  reference  transport  rate  of  Parker  et  al.  (1982) 
W'  =  0.002  is  also  shown  for  comparison  with  the  threshold  criteria  employed  in  the 
present  study.  Given  the  experimentally  established  linear  relationship  between  intensity 
of  sediment  motion  (or  probability  of  sediment  entrainment)  and  dimensionless  Einstein 
bedload  parameter  qb,  (Figure  4.4),  one  may  conclude  from  Figure  5.4  that  the  Parker 
et  al.  (1982)  criterion  gives  almost  three  orders  of  magnitude  higher  probability  of 
particle  entrainment  for  the  finest  fractions  in  the  mixture  compared  to  the  coarsest 
fractions  at  incipient  motion.  This  is  consistent  with  the  conclusion  of  Wilcock  and 
McArdell  (1997)  that  the  mobilized  proportion  of  fractions  decreases  with  grain  size  at 
the  Parker  et  al.  (1982)  reference  transport  conditions.  That  is,  the  widely  used  Parker 
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fractions  in  sediment  mixtures. 
5.4.2  Hiding  functions 
As  follows  from  the  literature  review  given  in  Section  2.6  of  Chapter  2,  there  are 
two  fundamentally  different  types  of  hiding  functions  based  on  critical  bed  shear  stress 
concept.  The  first  hiding  function  relates  critical  shear  stress  for  a  given  grain  size  in  a 
mixture  (ti:,  )  to  that  in  uniform  sediment  of  the  same  size  (ti*c 
,  uni 
).  The  second  hiding 
function  defines  fractional  critical  stress  (ti:,  )  with  respect  to  the  critical  stress  for  a 
central  value  of  the  mixture  grain  size  distribution,  commonly  the  median  size  ('r  50  ). 
The  first  approach  is  rather  rarely  used,  while  the  second  one  is  much  better  established 
and  is  widely  applied  to  the  description  of  the  behaviour  of  different  fractions  in  graded 
sediments. 
Analysis  of  the  present  results  indicates  that  there  is  no  definite  relationship 
between  the  determined  values  of  'c:;  and  appropriate  values  of  tip;  un;  established 
experimentally,  see  Section  4.3.4  of  Chapter  4,  whereas  the  relationship  between  ti:, 
and  'r  50 
is  well  defined,  with  the  general  trend  common  for  all  the  mixtures 
investigated.  The  experimental  results  also  indicate  that  for  a  given  sediment  mixture, 
the  character  of  the  hiding  function  of  the  form  of  ti:;  /ti: 
so  =  function(d,  /d50)  is 
independent  of  bed  slope.  This  is  due  to  the  fact  that  bed  slope  influences  absolute 
values  of  both  t  and  ti:  50  (corresponding  to  a  given  reference  transport  rate),  which 
results  in  a  constant  ti:  i/tc50  ratio  for  different  slopes  (see  Figure  5.6).  It  is  also  found 
that  this  hiding  function  is  the  same  for  the  full  range  of  reference  transport  rates 
chosen,  which  reflects  the  essential  parallelism  of  the  log-log  q,  *i  versus  ti*;  relations 
for  low  transport  rates  apparent  in  Figures  5.2-5.6.  However,  for  active  bedload 
transport  the  qb1  versus  'r:,  relationships  are  known  to  change  significantly  (e.  g., 
Paintal  1971,  Misri  et  al.  1984,  Parker  1990),  and  the  character  of  the  hiding  function 
for  transport  rates  higher  than  those  investigated  may  therefore  be  different  (Misri  et  al. 
1984,  Samaga  et  al.  1986,  Patel  and  Ranga  Raju  1996). 
The  independence  of  the  hiding  function  of  both  bed  slope  and  reference  transport 
rate  for  near-to-threshold  transport  is  a  very  important  fact  as  it  significantly  simplifies 
5  Incipient  Motion  of  Graded  Sediments  127 the  further  analysis  and  unifies  the  final  results.  The  plots  of  tip;  /ti: 
so  against  relative 
size  d,  /d 
so  obtained  for  qb  1  =10-  4  are  shown  in  Figure  5.7.  All  the  data  appear  to  fall 
within  a  relatively  narrow  band  and  can  be  approximated  by  the  following  equations: 
d' 
for 
d' 
<1 
dso  d50 
r  -12 
tiý  so  [io[io1I  d 
for 
d' 
?1 
so  so 
(5.3) 
where  exponent  e  ranges  from  0.73  to  1.13.  A  similar  range  fore  between  0.81  and  1.09 
was  obtained  for  unimodal  and  weakly  bimodal  sediments  by  Wilcock  and  Southard 
(1988),  who  applied  the  Parker  et  al.  (1982)  reference  transport  method  to  their  own  and 
other  available  flume  and  field  data. 
It  is  seen  from  Figure  5.7  that  the  hiding  function  (5.3)  bends  up  for  particles 
coarser  than  d50.  This  means  that  the  coarsest  fractions  are  entrained  (i.  e.,  reach  the 
appropriate  reference  transport  level)  at  a  higher  dimensional  bed  shear  stress 
ti  =pg  Rb  J  compared  to  median-sized  fractions.  The  range  of  variation  of  e  in  (5.3) 
demonstrates  that  in  some  mixtures  the  finer  particles  are  entrained  at  lower  shear  stress 
than  the  median-sized  grains  (e  <  1).  In  other  mixtures  the  finest  particles  need  a  higher 
shear  stress  for  entrainment  compared  to  median  fractions  (e  >  1).  The  under- 
representation  of  either  the  coarser  grains  or  both  the  extreme  finest  and  coarsest 
fractions  in  transport  near  incipient  motion  is  common  for  other  graded  sediment  data 
(e.  g.,  Rakoczi  1987,  Wilcock  and  Southard  1989,  Ashworth  et  al.  1992,  Wilcock  1992, 
Kuhnle  1992,1993a,  Wathen  et  al.  1995,  Gomez  1995,  Wilcock  and  McArdell  1993, 
1997).  Therefore,  the  Parker  et  al.  (1982)  hypothesis  of  near-equal  entrainment  mobility 
holds  only  for  d,  <  d5o  and  only  for  certain  mixtures. 
It  is  also  clear  from  Figure  5.7  that  the  use  of  the  average  value  of  the  exponent 
e=0.93  does  not  provide  a  good  fit  to  all  the  data,  especially  for  the  finest  particles. 
Errors  in  the  calculation  of  T:;  may  be  as  high  as  40-60  %.  Therefore,  the  exponent  e  in 
(5.3)  should  be  expressed  in  terms  of  some  other  parameters  determining  the  behaviour 
of  fractions  finer  than  the  median  grain  size  in  a  mixture. 
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fractions  are  the  range  of  sizes  (sorting)  and  the  shape  of  sediment  size  distribution 
(normal/skewed,  unimodal/bimodal).  The  influence  of  mixture  sorting  on  fractional 
motion  was  suggested  by  White  and  Day  (1982),  Nakagawa  et  al.  (1982),  Misri  et  al. 
(1983,1984),  Samaga  et  at.  (1986),  Pender  and  Li  (1995),  and  Patel  and  Ranga  Raju 
(1999).  The  dependence  of  the  relative  size  effect  on  the  degree  of  bimodality  was 
observed  by  Wilcock  (1993)  and  Kuhnle  (1992,1993a,  1993b).  The  range  and  shape  of 
size  distributions  in  this  study  are  characterized,  as  a  first  approximation,  by  their 
geometric  standard  deviation  ag  =  d84/dlb 
. 
One  may  argue  that  ßg  characterizes 
mixture  sorting  and  is  not  a  very  good  measure  for  bimodal  and  skewed  distributions. 
Nevertheless,  as  one  can  see  from  Figure  5.1,  change  of  size  distribution  skewness  or 
degree  of  bimodality  is  also  reflected  on  the  value  of  ß8.  Standard  deviation  ßg  is 
greater  for  bimodal  mixtures  relative  to  unimodal  ones,  as  well  as  for  unimodal 
distributions  skewed  towards  the  finer  grains  compared  to  normal  distributions  and 
compared  to  those  skewed  towards  the  coarser  particles  in  the  mixture. 
Values  of  the  exponent  e  determined  by  fitting  (5.3)  to  individual  data  sets  are 
plotted  against  6g  in  Figure  5.8  together  with  the  corresponding  values  of  d50 
. 
It  is 
seen  in  this  figure  that  e  systematically  decreases  with  the  increase  of  ßg  . 
In  other 
words,  the  greater  the  value  of  a,  the  less  the  hiding  effect  and  the  higher  the  degree 
of  size  selective  entrainment  for  fine  fractions.  This  observation  is  generally  consistent 
with  that  of  Nakagawa  et  al.  (1982).  The  best-fit  relationship  between  e  and  ag  has  the 
following  equation: 
8=1.17ßg. 
24 
(5.4) 
However,  a  close  examination  of  Figure  5.8  indicates  that  there  is  also  an  apparent 
dependence  of  the  value  of  exponent  e  on  median  size  d50 
.  This  is  most  clearly  seen  in 
Figure  5.9  showing  variation  of  e  with  d50 
,  the  values  of  a8  shown  as  the  third 
parameter.  The  graph  in  Figure  5.9  demonstrates  that  for  a  given  value  of  ßg  ,  the  hiding 
of  fine  fractions  is  most  pronounced  (i.  e.,  e  reaches  the  maximum  value)  for  mixtures 
with  d50  around  5  mm.  For  smaller  and  larger  values  of  d50 
,  the  hiding  effect  is 
5  Incipient  Motion  of  Graded  Sediments  129 reduced,  and  a  higher  degree  of  size-selectivity  is  observed.  The  relationship  relating  e 
with  both  ßg  and  d50  is  approximated  by  the  following  equation: 
e=2.0ßg  -10  {0.049  [log(1000  d50  A]  3-0.26  [log(1000  d50  )]  2+ 
0.331og(1000  d50)+1.20}-1.4 
(5.5) 
where  the  grain  size  d50  is  expressed  in  metres.  The  correlation  coefficient  is  0.88  for 
(5.5)  compared  to  0.74  for  (5.4). 
The  physical  interpretation  of  the  relationship  (5.5)  is  not  clear  at  present.  It  can 
be  related  to  the  near-bed  turbulent  field  and  the  damping  effect  of  the  granular  bed, 
both  depended  on  the  absolute  size  of  the  bed  particles.  The  damping  effect  was 
experimentally  investigated  by  Klaven  (1987)  and  Klaven  and  Kokovin  (1987).  They 
established  from  flume  tests  with  uniform  sands  and  gravels  that  pressure  fluctuations 
caused  by  the  flow  turbulence  and  responsible  for  the  particle  mobilization  penetrate  the 
pores  between  the  sediment  grains.  Due  to  damping  effect  the  pressure  fluctuation 
inside  the  bed  material  are  weakened  and  happen  with  a  time  delay.  As  the  damping 
effect  is  related  to  the  size  of  pores  (hence,  grain  size),  Klaven  and  Kokovin 
hypothesised  that  for  different  grain  sizes  circumstances  can  arise  which  reduce  or 
increase  the  mobility  of  bed  particles.  However,  applicability  of  this  hypothesis  to  the 
behaviour  of  different  size  fractions  in  graded  sediments  needs  further  detailed 
examination. 
It  is  interesting  to  note  that  the  variation  of  e  with  d50  in  Figure  5.9  is  very  similar 
to  the  variation  of  critical  Shields  stress  for  uniform  sediment  'r  in  Figures  4.9  and  4.10 
(or  parameter  a  in  Figure  4.16).  This  suggests  that  the  observed  increase  of  hiding  effect 
for  fine  fractions  in  mixtures  with  d50  around  5  mm  in  Figure  5.9  is  somehow  related  to 
the  increase  of  ti*  for  this  size  in  Figures  4.9  and  4.10.  Obviously,  more  investigations 
on  the  matter  are  needed  to  explain  this  phenomenon. 
No  effect  of  mixture  sorting  on  the  mobility  of  fractions  coarser  than  the  median 
grain  size  is  found  in  this  study.  This  may  be  a  result  of  the  insufficient  coverage  of  this 
range  of  sizes  by  the  existing  data  set.  On  the  whole  the  results  of  the  present  study 
support  the  observation  of  White  and  Day  (1982)  that  the  position  of  the  size  fraction 
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mixture,  i.  e.  i:;  ýtiý 
So  is  more  sensitive  to  d;  /d 
5O  than  d84  /d 
16  . 
5.4.3  Mobility  of  median  size  fractions 
To  predict  behaviour  of  different  size  fractions  in  a  mixture  using  hiding  function 
(5.3),  it  is  necessary  to  estimate  the  critical  Shields  stress  ti:  50  for  the  median-sized 
grains.  So  far  this  was  commonly  made  by  comparing  'c:  so  with  the  standard  Shields 
threshold  curve  derived  for  uniform  sediments,  but  without  significant  success  (see 
Section  2.6  and  Figure  2.6,  Chapter  2).  The  present  study  indicates  that  the  Shields 
threshold  diagram  is  an  inappropriate  means  of  accurately  evaluating  the  threshold  for 
uniform  sediments  (Section  4.3.4,  Chapter  4)  and  therefore  cannot  be  used  as  a  basis  for 
analysing  the  behaviour  of  graded  sediments.  Here  the  determined  values  of  'tc50  are 
compared  to  the  results  of  the  experiments  on  incipient  motion  of  uniform  sediments 
presented  in  Chapter  4  of  this  thesis. 
An  interesting  fact  emerging  from  the  comparison  of  Figures  5.2  and  5.6  obtained 
for  graded  sediments  with  Figure  4.5  and  the  threshold  diagrams  in  Figures  4.9  and  4.10 
obtained  for  uniform  sediments  is  that  for  a  given  bed  slope  and  reference  transport  rate 
the  values  of  ti:  50  are  about  the  same  as  the  critical  Shields  stress  for  uniform  sediment 
of  the  same  size.  Similar  behaviour  is  found  for  all  the  other  relatively  narrow-graded 
((T8  <  3)  mixtures  investigated.  For  mixtures  with  a  wider  grading,  the  values  of  'r  so 
are  found  to  be  higher  than  those  of  uniform  sediment.  The  ratio  of  the  critical  Shields 
stress  of  size  d50  in  a  mixture  (ti:  50)  to  that  in  uniform  sediment  (ti:  sou￿; 
)  versus 
mixture  standard  deviation  ß8  is  shown  for  different  data  for  the  two  chosen  reference 
transport  rates  in  Figure  5.10.  A  single  relationship  is  fitted  to  both  data  sets  in  Figure 
5.10: 
Aso 
2510  6  +1  gl 
rc 
50  uni 
(5.6) 
This  relationship  allows  the  critical  Shields  stress  for  the  median  size  fractions  in 
unimodal  and  weakly  bimodal  sediment  mixtures  to  be  estimated  from  the  known 
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determined  either  from 
the  appropriate  threshold  diagram  in  Figure  4.9  and  4.10  or  from  the  generalized 
equation  (4.13)  using  d50 
There  is  some  uncertainty  regarding  Goodwin  Creek  data  (Kuhnle  1992,1993a) 
largely  affecting  the  character  of  the  relationship  (5.6)  for  large  values  of  ßg  . 
The  bed 
shear  stress  in  Goodwin  Creek  was  calculated  using  the  hydraulic  radius  without 
correction  for  the  bed  form  roughness,  which  could  lead  to  some  errors.  On  the  other 
hand,  the  general  reduction  of  the  mobility  of  widely  graded  sediments  has  also  been 
observed  elsewhere  (e.  g.,  Egiazaroff  1965),  and  it  can  be  explained  by  siltation  reducing 
the  overall  mobility  of  the  bed  material. 
5.4.4  Formalization  of  results 
Given  the  relationships  (4.11),  (4.12),  (5.3),  (5.5),  and  (5.6),  the  fractional  qb, 
versus  tiC;  relations  for  qb  50  <_  10-2  (value  of  qb,  for  d;  =  d50)  can  be  approximated  by 
is  T.  aso  ti; 
J  _5.  o 
4bß  b  e; 
(5.7) 
where  a50  is  the  particle  mobility  factor  calculated  by  (4.12)  using  d50 
,b=  ti:  50 
/Cc 
50  uni 
is  the  mixture  mobility  factor  calculated  by  (5.6),  and  E;  =  tic,  1ti*cso  is  the  hiding 
function  (5.3)  with  the  exponent  e  calculated  by  (5.5).  Fractional  bedload  relations 
calculated  using  (5.7)  are  shown  in  Figures  5.2-5.6  and  demonstrate  reasonable 
agreement  with  the  observed  data.  Although  equation  (5.7)  is  partly  based  on  the  data 
shown  in  Figures  5.2-5.6,  it  should  be  noted  that  (5.7)  is  an  averaged  generalized 
transport  relationship,  which  is  not  fitted  to  a  particular  data  set  but  is  derived  from  the 
total  combination  of  the  uniform  and  graded  sediment  transport  data  compiled  in  this 
study.  Given  the  absence  of  reliable  methods  for  estimating  behaviour  of  individual  size 
fractions  in  sediment  mixtures,  the  present  results  are  rather  encouraging. 
Substituting  the  chosen  values  of  the  reference  transport  rate  in  (5.7),  we  arrive 
after  rearrangements  at: 
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tip  ;=bcj0.278 
(for  qb  1  =10-4  )  (5.8) 
a50 
and 
tip,  -b  E, 
0.77 
10.278  (for  qb  i  =10-2)  (5.9) 
a50 
For  a  single-size  sediment  (i=1),  b=1,  C,  =  1,  and  (5.8)  and  (5.9)  reduce  to  (4.14)  and 
(4.15),  respectively. 
Given  the  equality  of  the  Einstein  bedload  parameter  to  the  intensity  of  sediment 
motion  for  a  given  grain  size  [Figure  4.4,  equation  (4.6)],  expression  (5.7)  can  also  be 
rearranged  into  a  general  equation  for  the  calculation  of  critical  Shields  stress  for  any 
size  fraction  in  unimodal  and  weakly  bimodal  sediment  mixtures: 
10.0556 
'C'  =be.  c  J0.  ns 
a  so  (s.  ion 
where  1c  is  the  "critical"  value  of  intensity  of  sediment  motion  (or  probability  of 
sediment  entrainment)  representing  the  threshold. 
The  above  set  of  equations  (5.3)-(5.10)  is  derived  for  1:  5  d50  S  124  mm, 
0.001  <_  J<_  0.070,  and  is  applicable  only  for  qb  50  <_  10-2  (1 
C 
<_  10-  2  ). 
5.4.5  Bed  features 
During  the  present  flume  experiments  with  relatively  active  sediment  transport 
longitudinal  ridges  and  troughs  were  developed  on  the  bed  parallel  to  the  mean  flow 
direction.  These  longitudinal  bed  features  took  the  form  of  periodic  span-wise  variations 
in  bed  texture  and  bed  topography,  and  were  similar  to  those  observed  in  uniform 
sediments  (Section  4.3.6,  Chapter  4),  but  significantly  less  pronounced  and 
distinguished.  The  ridges  were  typically  composed  of  finer  grains  compared  to  the 
troughs,  with  the  lateral  spacing  between  the  ridges  of  1.5-2.5  flow  depths  h  (-  2h  on 
average).  The  troughs  were  about  1-2  median  grain  diameters  deep.  The  number  of 
troughs  varied  from  two  to  five  in  the  Armfield  flume  tests.  The  development  of  two 
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in  sediment  mixtures  have  been  observed  by  others  (e.  g.,  Tsujimoto  1989,  McLelland  et 
al.  1999). 
The  cause  of  the  development  of  the  longitudinal  bed  forms  is  discussed  later  in 
Chapter  6  concerned  with  the  flow  turbulent  structure. 
5.5  Conclusions 
Based  on  the  graded  sediment  transport  data  examined  here  and  the  research 
method  used,  the  following  principal  conclusions  can  be  drawn. 
Behaviour  of  individual  fractions  in  mixed-size  sediments  is  largely  controlled  by 
strong  intergranular  effects.  These  effects  reduce  mobility  of  fine  fractions  due  to 
sheltering  from  larger  grains  and  increase  mobility  of  coarse  fractions  due  to  greater 
exposure  to  the  flow  compared  to  uniform  sediments  of  the  same  sizes  (Figures  5.2-5.5). 
It  is  also  evident  that  behaviour  of  graded  sediments  is  significantly  affected  by 
bed  slope  as  in  the  case  of  uniform  sediments.  The  steeper  the  slope  is,  the  higher  the 
shear  stress  is  needed  to  produce  a  given  transport  rate  for  a  given  size  fraction  (Figure 
5.6).  This  is  explained  by  the  greater  hydraulic  resistance  caused  by  reduced  relative 
depth  (depth  to  grain  size  ratio)  for  steeper  slopes.  This  effect  of  bed  slope  (or  relative 
depth)  on  the  mobility  of  different  grain  sizes  in  sediment  mixtures  has  never  been 
studied  before  and  is  not  taken  into  account  by  any  of  the  existing  sediment  transport 
formulas.  It  also  follows  that  combined  analysis  of  transport  data  collected  at  different 
slopes  (commonly  applied  by  many  researchers)  is  unacceptable  as  it  may  lead  to 
erroneous  conclusions. 
The  stability  of  a  particle  d;  in  a  graded  bed  material  is  largely  determined  by  its 
size  relative  to  the  median  grain  size  d50  (Figure  5.7).  The  character  of  hiding  function 
in  Figure  5.7  is  the  same  for  all  the  range  of  bed  slopes  and  reference  transport  rates 
investigated,  but  changes  for  finer  fractions  with  mixture  sorting  and  median  grain  size. 
Although  the  relative  size  effects  dominate  in  sediment  mixtures,  they  do  not  suppress 
completely  the  size-selective  entrainment.  The  degree  of  size-selectivity  increases  with 
mixture  standard  deviation  a8  (Figure  5.8).  In  other  words,  the  wider  is  the  range  of 
grain  sizes  in  a  mixture,  the  more  independent  is  the  entrainment  mobility  of  fractions 
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significant  is  the  influence  of  median-sized  sediment  on  incipient  motion  of  finer 
fractions.  As  the  value  of  ag  is  related  to  the  shape  of  the  sediment  size  distribution, 
one  may  conclude  from  Figure  5.8  that  bimodal  mixtures  and  mixtures  with  a  mode  at 
the  fine-grained  end  of  the  distribution  (having,  therefore,  greater  (5g)  offer  a  higher 
degree  of  freedom  for  fine  fractions  compared  to  unimodal  mixtures  and  mixtures  with 
normal  distribution  or  coarse-grained  mode,  respectively. 
It  is  also  found  that  the  hiding  effect  for  fine  fractions  is  most  pronounced  for 
mixtures  with  d50  around  5  mm  (Figure  5.9).  This  is  probably  somehow  related  to  the 
general  increase  of  critical  Shields  stress  for  uniform  sediment  of  this  size  (Figures  4.9 
and  4.10).  More  data  are  required  to  find  a  physical  explanation  of  these  phenomena. 
The  comparison  of  the  graded  sediment  transport  data  and  experimental  results 
obtained  for  uniform  sediments  indicates  that  in  relatively  narrow  graded  sediments 
(ßg  <  3)  critical  Shields  stress  ti:  50  of  median-sized  grains  is  the  same  (at  a  given  bed 
slope)  as  in  uniform  sediments  of  this  size.  For  mixtures  with  a  wider  grading,  'r:  50 
systematically  increases  compared  to  uniform  material  (Figure  5.10).  This  is  apparently 
related  to  the  siltation  effect  reducing  the  mobility  of  the  entire  sediment  mixture. 
Therefore,  the  relative  variation  of  c:,  with  respect  to  t  50  depends  on  the 
relative  size  d;  /d50 
,  mixture  sorting  Gg  ,  and  absolute  value  of  d50 
,  which  is  expressed 
by  (5.3)  and  (5.5).  The  value  of  t  50 
in  a  mixture  is  related  to  that  in  uniform  sediment 
of  size  d50,  as  shown  by  (5.6).  So,  we  have  all  the  parameters  required  for  calculating 
the  fractional  q,  *;  versus  r*ci  relations  by  (5.7)  and  values  of  critical  Shields  stress  ti:; 
by  (5.10). 
Thus,  the  proposed  method  allows  prediction  of  the  incipient  motion  and  near-to- 
threshold  transport  of  different  grain  sizes  in  streambeds  for  a  given  bed  slope  and 
sediment  size  distribution  of  the  surface  bed  material.  The  method  refers  to  unimodal 
and  weakly  bimodal  sediment  mixtures.  Incipient  motion  of  strongly  bimodal  two- 
component  sediment  mixtures  according  to  the  reference-transport  approach  adopted  is 
the  subject  of  future  investigations. 
5  Incipient  Motion  of  Graded  Sediments  135 Table  5.1  Range  of  Data  for  Graded  Sediments  in  Present  Experiments 
Transport 
No.  Mix  Flume  Width  Slope  Depth  Velocity  Rate 
B  J  h  v  qb 
(m)  x  103  (m)  (m  s'1)  (g  S-1  m-l) 
1  N-1  Armfield  0.30  4.1-14.1  0.032-0.118  0.48-0.85  0.17-26.7 
2  N-2  Armfield  0.30  4.1-14.1  0.033-0.121  0.42-0.81  0.11-38.3 
3  N-3  Armfield  0.30  4.1-14.1  0.026-0.128  0.41-0.76  0.031-53.3 
4  F  Armfield  0.30  4.1-14.1  0.015-0.091  0.34-0.70  0.009-93.7 
5  C  Armfield  0.30  4.1-14.1  0.041-0.124  0.46-0.91  0.035-34.0 
6  B  Armfield  0.30  4.1-14.1  0.023-0.124  0.26-0.81  0.064-71.5 
7  HR  HR  Wallingford  0.80  4.5  0.088-0.150  0.63-0.98  1.37-80.9 
5  Incipient  Motion  of  Graded  Sediments  136 Table  5.2  Bed  Materials  in  Other  Studies  on  Graded  Sediment  Transport 
Geometric 
Mixture  Primary  Reference  Mixture  Size  Distribution  Standard 
Designation  Type  1  d  16  d  so  d  84  Deviation 
1 
(mm)  (mm)  (mm)  ßg 
-  (a) Flume  data 
DAY  A  Day  (1980)  Weakly  bimodal  0.33  1.75  5.45  4.06 
MISRI  N2  Misri  et  al.  (1984)  Weakly  bimodal  1.27  3.82  11.5  3.02 
MTT  10  Wilcock  and  Lognormal  0.92  1.83  3.78  2.03 
Southard  (1988) 
PATEL  M3  Patel  and  -Lognormal  1.50  2.59  4.50  1.73 
Ran  a  Ra'u  (1996) 
(b)  Field  data* 
Oak  Parker  and  Long  fine  tail  20  54  87  2.09 
Klingeman  (1982) 
Ala-archa  Pozdnyakov  (1987)  Long  fine  tail  55  124  169  1.75 
Goodwin  Kuhnle  (1992)  Weakly  bimodal  0.8  11.7  29  6.02 
Sagehen  Andrews  (1994)  -Lognormal  27  58  115  2.06 
Allt  Dubhaig  Wathen  et  al.  (1995)  Long  fine  tail  4.97  21.3  41.3  2.88 
*  surface  bed  material 
Table  5.3  Summary  of  Data  for  Other  Studies  on  Graded  Sediment  Transport 
Transport 
Mixture  Width  Slope  Depth  Velocity  Rate 
B  J  h  v  qb 
(m)  X10 
3  (m)  (m  s'1)  (g  s  -I  m) 
(a)  Flume  data 
DAY  A  2.46  0.7-3.7  0.107-0.169  0.48-0.74  0.72-65.6 
MISRI  N2  0.75  3.8-4.8  0.078-0.135  0.56-0.81  0.49-16.9 
MIT  10  0.60  1.0-3.3  0.109-0.112  0.43-0.73  0.023-59.4 
PATEL  M3  0.40  4.4-5.6  0.056-0.091  0.55-0.77  0.048-17.2 
(b)  Field  data 
Oak  5.0-6.1  -10  0.27-0.44  0.84-1.16  0.28-111 
Ala-archa  10-11  -25  0.62-0.79  1.84-2.60  3.9-178 
Goodwin  25  3.3  0.3-2.0  ?  -0.1-3000 
Sagehen  4.85  -10  0.35-0.62  1.10-1.96  0.50-34.9 
Allt  Dubhaig  -8  -2  0.49-0.92  ?  --0.05-5* 
*  bed  load  transport  measured  over  flood  events 
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Turbulent  Structure  of  Open-Channel 
Flow  over  Gravel  Beds 
"It  is  much  easier  to  describe  movement  of  Jupiter's 
moons  than  movement  of  water.  " 
(Galileo  Galilei) 
"...  the  water  does  not  like  straight  lines.  " 
(DuBuat) 
6.1  Background 
Turbulence  in  water  flows  is  one  of  the  major  factors  controlling  entrainment  and 
motion  of  bed  particles.  It  is  known  that  the  instantaneous  fluid  velocity  in  turbulent 
flows  fluctuates  in  magnitude  and  direction.  These  fluctuations  result  in  varying  lift  and 
drag  forces  acting  on  the  bed  particles.  Bed  sediment  is  entrained  when  the  local 
destabilising  forces  exceed  those  acting  to  stabilise  it.  Hence,  improvement  of  our 
understanding  of  sediment  incipient  motion  is  not  possible  without  knowledge  of  the 
mechanism  of  turbulence. 
Presently  there  is  a  great  deal  of  research  activity  in  the  field  of  turbulence  in 
open-channel  flows,  particularly  in  the  area  of  "coherent  structures".  These  are  generally 
considered  to  be  repetitive  quasi-cyclic  large-scale  (of  the  order  of  the  flow  depth) 
turbulent  motions.  Until  the  1950's  turbulent  fluctuations  were  considered  random  and 
chaotic,  which  led  to  the  expectation  that  all  of  the  turbulent  structures  would  be 
clarified  theoretically  and  experimentally  by  means  of  conventional  statistical  tools. 
Velikanov  (1949)  was  apparently  the  first  who  inferred  that  flow  turbulence  might  be  a 
"structural"  and  "quasi-periodic"  phenomenon.  On  the  basis  of  the  analysis  of  large- 
scale  turbulent  fluctuations,  Velikanov  (1949)  developed  a  theoretical  model  of  open- 
channel  turbulent  flow  which  contained  a  sequence  of  depth-size  "rolling"  vortices. 
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by  Fidman  (1953)  [also  discussed  in  Fidman  (1991)],  Klaven  (1966,1968),  and  Klaven 
and  Kopaliani  (1973).  Fidman  (1953)  studied  the  kinematic  structure  of  the  flow  in 
flumes  with  smooth  and  rough  beds.  He  used  a  camera  moving  with  the  flow  to  record 
images  of  fluid  motion  within  visualized  turbulent  flow  and  concluded  that  the 
maximum  energy  of  turbulence  is  contained  in  the  low-frequency  turbulent  fluctuations 
caused  by  the  largest  turbulent  disturbances,  the  vertical  and  longitudinal  dimensions  of 
which  scale  with  the  flow  depth.  Klaven  (1966,1968)  and  Klaven  and  Kopaliani  (1973) 
used  a  similar  visualization  technique  in  their  flume  studies  with  smooth  and  mobile 
gravel  beds.  The  experiments  revealed  the  existence  in  the  turbulent  flow  of  large-scale 
eddies  with  the  vertical  size  close  to  the  flow  depth  h  and  the  length  varying  from  about 
7h  for  smooth  beds  to  4h  for  rough  beds.  These  eddies  are  the  most  stable  structural 
features  and  can  be  considered  as  quasi-periodic  elements  of  the  open-channel  flow 
turbulence  (Klaven  1968).  Subsequently  Zaitsev  (1984)  established  from  the  detailed 
measurements  of  flow  velocity  vector  fluctuations  in  a  flume  with  smooth  and  sand  beds 
that  the  large-scale  turbulent  eddies  are  actually  three-dimensional  and  move 
downstream  along  stable  paths  ("macrojets")  with  a  width  close  to  2h. 
An  interesting  set  of  flow  visualization  experiments  has  been  undertaken  by 
Imamoto  and  Ishigaki  (1986a,  1986b).  They  investigated  the  turbulent  structure  of  the 
open-channel  flow  over  smooth  and  rough  immobile  beds  and  detected  the  existence  of 
upwelling  and  downwelling  circular  fluid  motions  over  the  entire  flow  depth,  interpreted 
as  "depth-scale  longitudinal  eddies".  Both  the  lateral  and  the  longitudinal  scale  of  the 
fluid  motion  was  about  2h.  Tamburrino  and  Gulliver  (1999)  studied  the  fluid  turbulence 
induced  by  a  steel  belt  sliding  on  the  bottom  of  a  horizontal  flume  and  revealed  the 
existence  of  rotational  fluid  motion  between  the  bed  and  the  free  surface  similar  to  that 
detected  by  Imamoto  and  Ishigaki  (1986a,  1986b). 
It  has  been  hypothesized  that  the  depth-scale  (or  "macroturbulent")  eddies  are 
closely  linked  to  what  is  today  called  the  "bursting"  phenomenon  in  boundary  layers 
(Grishanin  1990,  Yalin  1992).  The  bursting  phenomenon  was  discovered  by  Kline  et  al. 
(1967)  and  Corino  and  Brodkey  (1969).  Using  hydrogen-bubble  visualization,  they 
detected  repetitive  ejections  of  fluid  away  from  the  wall  with  subsequent  high-speed 
inrushes  of  fluid  towards  the  wall  sweeping  away  the  low-speed  fluid  remaining  from 
the  ejections.  Since  then  intensive  experimental  research  on  the  bursting  processes  in 
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investigators  [for  a  review  see  Grass  et  al.  (1991),  Nezu  and  Nakagawa  (1993),  and  Best 
(1993)].  It  has  been  found  that  fluid  ejections/sweeps  have  a  quasi-cyclic  pattern  and  are 
not  restricted  to  the  near-bed  region  but  influence  the  entire  flow  field  irrespective  of 
bed  roughness  (Grass  1971,  Talmon  et  al.  1986,  Shen  and  Lemmin  1999).  The  ejected 
low  momentum  fluid  travels  across  the  entire  flow  depth  up  to  the  water  surface  while 
high  momentum  fluid  moves  from  the  water  surface  towards  the  bed  (Rashidi  and 
Banerjee  1988,  Grass  et  al.  1991),  giving  rise  to  rolling  structures  which  in  many 
respects  are  very  similar  to  the  large-scale  eddies  observed  by  maven  (1966,1968), 
Klaven  and  Kopaliani  (1973),  Imamoto  and  Ishigaki  (1986a,  1986b),  and  Tamburrino 
and  Gulliver  (1999).  In  addition,  the  streamwise  spacing  of  the  bursting  events  has  been 
found  to  be  between  2h  and  7h  (Sumer  and  Deigaard  1981,  Nezu  and  Nakagawa  1993, 
Best  1993,  Nikora  and  Goring  1999,  Sechet  and  Le  Guennec  1999)  which  is  close  to  the 
observed  length  of  large-scale  eddies  and  thus  partly  supports  the  hypothesis  about  close 
linkage  between  these  two  phenomena. 
In  spite  of  these  studies,  however,  the  knowledge  of  turbulent  flow  structure 
remains  incomplete.  While  an  agreement  appears  to  have  been  reached  with  regard  to  at 
least  the  general  pattern  of  the  bursting  phenomenon  in  the  near-bed  region  (Nezu  and 
Nakagawa  1993),  opinions  differ  about  the  ordered  depth-scale  motions  in  open-channel 
flows.  Yalin  (1992),  for  example,  argues  that  macroturbulent  eddies  are  not  permanent 
and  do  not  originate  in  their  full  size  (=h).  According  to  Yalin  (1992),  eddies  are 
generated  near  the  bed  as  a  result  of  bursts  with  a  size  much  smaller  than  h,  then  grow 
until  their  size  becomes  nearly  equal  to  h,  they  are  then  destroyed  prompting  the 
generation  of  a  new  small  eddy,  and  so  on.  The  complete  cycle  of  the  eddies  birth,  life 
and  destruction  occurs  over  a  distance  of  -  6h  which  is  generally  in  agreement  with  the 
existing  field  and  laboratory  data. 
Thus,  the  existence  of  quasi-stable  large-scale  eddies  and  their  relation  to  the 
turbulent  fluctuations  is  disputable.  It  is  still  poorly  understood  why  the  high-speed  and 
low-speed  regions  exist  alternately  in  both  the  streamwise  and  spanwise  directions  in  a 
turbulent  flow  (Nychas  et  al.  1973,  Kirkbride  and  Ferguson  1995,  Ferguson  et  al.  1996, 
Ruffin-Belanger  et  al.  2000,  Roy  and  Buffin-Belanger  2000).  Some  researchers  explain 
this  with  reference  to  bursting  (Yalin  1992,  Nezu  and  Nakagawa  1993),  but  the 
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movement  of  large-scale  turbulent  eddies. 
So  far  little  is  known  about  the  cause  and  regularity  of  the  turbulent  fluctuations. 
There  is  some  evidence  of  the  presence  of  low-frequency  velocity  fluctuations 
corresponding  to  the  spatial  scale  of  the  order  of  the  flow  depth  in  laboratory  and  field 
streams  (e.  g.,  Komori  et  al.  1982,  Grinvald  and  Nikora  1988,  Clifford  et  al.  1992, 
Lapointe  1992,  Nezu  and  Nakagawa  1993,  Robert  et  al.  1993,  Roy  et  al.  1996,  Cellino 
and  Graf  1999,  Shen  and  Lemmin  1999).  However,  there  are  a  number  of  laboratory  and 
field  data  which  do  not  reveal  any  regular  period  in  turbulent  fluctuations  (e.  g.,  Grinvald 
1974,  Nikora  and  Smart  1997)  which  suggest  that  coherent  structures  are  randomly 
distributed  in  space  and  in  time  (Nychas  et  al.  1973,  Smith  1996,  Nikora  and  Goring 
1999). 
Thus,  the  question  if  there  is  order  or  chaos  in  turbulent  flows  still  remains 
unanswered.  At  the  same  time  it  has  been  established  that  the  coherent  turbulent 
motions  make  a  significant  contribution  to  the  turbulent  shear  stress  and  pressure 
fluctuations  (Kim  et  al.  1971,  Talmon  et  al.  1986,  Shen  and  Lemmin  1999)  which 
significantly  affect  bed  particles  and  control  sediment  motion.  Therefore  there  is  a  need 
for  more  investigations  on  ordered  motions  and  coherent  structures  in  turbulent  flows. 
This  is  especially  true  for  flows  over  natural  sediment  beds  which  have  not  been  studied 
systematically. 
The  present  experimental  research  investigates  the  turbulent  structure  of  the  open- 
channel  flow  over  mobile  gravel  beds.  The  primary  objective  of  the  experiments  was  to 
establish  whether  the  large-scale  organized  turbulent  structures  really  exist  and  how  they 
are  related  to  the  flow  velocity  fluctuations  and  character  of  bed  particle  motion.  The 
presence  of  these  large-scale  structures  may  be  very  important  in  explaining  the 
initiation  of  particle  motion  at  the  bed. 
6.2  Experimental  Procedure 
The  experiments  on  flow  turbulence  were  conducted  in  the  Armfield  flume, 
University  of  Glasgow.  Four  uniform  gravels  ranging  is  size  from  2  mm  to  8  mm 
(sediments  No.  2,4,5,  and  6  in  Table  3.1)  used  earlier  in  the  investigation  of  incipient 
6  Turbulent  Structure  of  Open-Channel  Flow  over  Gravel  Beds  151 motion  of  uniform  sediments  (Chapter  4)  were  employed  in  the  flume  tests  discussed. 
The  bedload  sampling  equipment  used  earlier  was  dismounted,  the  sampling  slot  in  the 
flume  base  closed  and  covered  with  a5  cm  layer  of  mobile  sediment  to  obtain  a 
continuous  sediment  bed  without  any  disturbances  which  might  influence  the  turbulent 
structure  of  the  flow. 
The  pre-experimental  arrangements  included  a  standard  set  of  procedures: 
preparation  of  a  flat  bed,  setting  the  flume  slope,  slow  flooding  of  the  bed  from  the 
downstream  end  of  the  flume,  and  gradual  increase  of  water  discharge  until  it  reached  an 
experimental  value.  The  measured  characteristics  were  the  bed  slope,  water  discharge, 
flow  depth,  mean  flow  velocity,  water  temperature,  large-scale  turbulent  structure  of  the 
flow,  and  near-bed  flow  velocity  fluctuations. 
Water  discharge,  flow  depth,  and  temperature  were  measured  using  the  apparatus 
described  in  Section  3.2.3  of  Chapter  3.  The  mean  flow  velocity  was  obtained  from  the 
water  discharge  and  depth  measurements.  Additional  measurements  with  the  mini- 
propeller  meter  were  made  at  a  distance  0.4h  above  the  bed  surface  to  check  the 
calculated  value  of  the  mean  flow  velocity. 
A  flow  visualization  technique  was  used  to  study  the  large-scale  turbulent 
structure  of  the  flow.  The  water  was  seeded  with  neutrally  buoyant  tracers  and 
illuminated  by  a  thin  vertical  light  sheet  parallel  to  the  flume  walls,  which  was 
positioned  at  different  locations  across  the  channel.  The  motion  of  the  illuminated 
tracers  in  vertical  and  longitudinal  directions  was  recorded  using  computer  monitored 
digital  video  and  still  cameras.  The  cameras  were  mounted  on  a  movable  carriage, 
which  during  the  recordings  was  moving  with  the  flow  (so-called  "sliding  filming"  of 
the  visualized  flow  structure).  Preliminary  tests  demonstrated  that  the  most  clearly 
interpretable  turbulent  structures  were  observed  when  the  cameras  were  moving  along 
the  flume  at  a  speed  equal  to  the  mean  flow  velocity.  Therefore,  this  speed  was  set  for 
sliding  filming  during  the  main  series  of  the  experiments.  The  flow  visualization 
apparatus  is  described  in  detail  in  Section  3.2.5  of  Chapter  3  and  is  shown  in  Figures 
3.5-3.7. 
In  addition,  flow  velocity  fluctuations  over  4.5  mm,  5.65  mm,  and  7.15  mm  gravel 
beds  were  measured  using  the  Acoustic  Doppler  Velocimeter  (ADV)  described  in 
Section  3.2.6  of  Chapter  3  and  shown  in  Figure  3.8.  The  ADV  measuring  section  was 
situated  4.7  m  from  the  flume  entrance  where  turbulent  flow  was  fully  developed. 
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for  a  range  of  depths  exceeding  0.06  m  and  only  in  the  near-bed  region  at  a  distance  of 
about  one  grain  diameter  from  the  bed  surface  at  different  locations  across  the  channel. 
Care  was  taken  to  orient  the  ADV  probe  properly  to  minimize  errors  in  the 
measurements  due  to  the  sensor  misalignment.  The  sampling  period  was  5  min,  with  the 
sampling  rate  of  25  Hertz,  which  allowed  the  collection  of  sufficient  data  for  statistical 
analysis. 
The  experiments  were  conducted  for  steady,  uniform  flow  at  a  variety  of  bed 
slopes  and  water  depths.  When  necessary  the  flow  regime  was  controlled  by  means  of 
the  tailgate  at  the  downstream  end  of  the  flume.  A  summary  of  the  experimental 
conditions  is  given  in  Table  6.1. 
During  the  experiments  different  states  of  bed  mobility  ranging  from  "no  sediment 
movement"  to  "medium  movement"  were  observed,  but  in  most  cases  it  can  be 
characterized  as  "occasional  particle  movement  at  some  locations"  for  coarser  gravel 
and  "weak"  sediment  transport  for  finer  gravel  ["several  particles  are  in  motion,  in 
isolated  spots,  and  in  countable  numbers"  Kramer  (1935)].  Because  of  the  generally  low 
transport  rates  and  the  relatively  short  duration  of  the  experiments  (most  lasted  for  about 
one  hour),  no  sediment  was  re-circulated  or  fed  into  the  flume.  This  did  not  cause  any 
noticeable  change  of  flow  conditions  or  bed  elevation  and,  therefore,  was  assumed  not 
to  influence  the  measured  data. 
Sediment  transport  characteristics  were  not  measured  directly  in  this  particular 
study.  However,  the  present  experiments  were  designed  to  repeat  a  part  of  the  earlier 
flume  tests  on  incipient  motion  of  coarse  uniform  sediments  (Chapter  4),  but  now  with 
the  emphasis  on  studying  the  turbulent  structure  of  the  flow.  Given  that  exactly  the  same 
bed  material  was  used,  the  characteristics  of  bedload  transport  corresponding  to 
different  flow  conditions  can  be  estimated  from  the  results  of  the  previous  flume  tests 
concerned  with  sediment  motion  alone.  Bed  sediment  mobility  here  is  characterized  by 
the  transport  intensity  parameter  introduced  in  Section  4.1  of  Chapter  4,  this  quantifies 
the  fraction  of  all  bed  surface  particles  displaced  in  unit  time  (Table  6.1). 
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6.3.1  Large-scale  turbulent  structure 
Altogether  52  videos  of  the  visualized  turbulent  flow  have  been  recorded  using 
sliding  filming,  the  light  sheet  being  positioned  at  various  transverse  offsets.  Analysis  of 
the  videos  reveals  the  following  flow  pattern  developed  during  the  experiments  (Figure 
6.1).  At  the  beginning  of  the  flume  neutral  tracers  moved  approximately  parallel  to  the 
water  surface  and  bed.  Then  a  circular  motion  of  the  tracers  ("rolling"  small-scale 
eddies)  generated  in  the  near-bed  region  of  the  flow.  These  eddies  gradually  increased  in 
size  finally  occupying  the  entire  flow  depth.  The  development  of  the  depth-scale 
rotational  movement  was  completed  at  1.5-2.5  m  from  the  flume  entrance  (about  25-50 
flow  depths),  after  which  the  depth-scale  rotation  was  sustained  over  the  rest  of  the 
flume.  The  observed  flow  pattern  is  in  contradiction  to  the  model  of  the  turbulent  flow 
proposed  by  Yalin  (1992)  (constantly  repeated  sequence  of  eddy  birth,  growth  and 
disruption).  The  flow  pattern  described  was  developed  for  all  the  sediments  used  and 
flow  conditions  tested  (see  Table  6.1).  The  sliding  filming  of  the  motion  of  the  neutral 
tracers  clearly  reveals  that:  (a)  the  development  of  depth-scale  eddies  was  not  caused  by 
the  entrance  conditions  to  the  flume;  (b)  the  fully  developed  rotational  motion  of  fluid 
occupied  the  entire  flow  depth;  (c)  the  observed  circular  motion  took  place  in  a  vertical 
plane,  and  it  was  not  simply  a  reflection  of  the  spiral  motion  of  secondary  currents. 
The  longitudinal  organization  of  these  depth-scale  eddies  could  not  be  reliably 
determined  either  from  the  videos  (due  to  the  complexity  of  simultaneous  motion  of  a 
great  number  of  neutral  tracers)  or  from  single  video  frames  (due  to  the  short  exposure 
1/25  s  which  did  not  allow  the  motion  of  individual  neutral  particles  to  be  traced). 
Therefore,  a  still  digital  camera  with  an  exposure  of  1/4  s  was  used  to  obtain  "frozen" 
pictures  of  the  macroturbulent  flow  structure.  The  digitised  images  were  taken  at  3.5-4.0 
m  from  the  flume  entrance  where  the  turbulence  was  fully  developed.  Altogether  362 
images  were  collected  for  different  sediments,  flow  conditions,  and  transverse  offsets  of 
the  light  sheet.  The  analysis  of  the  images  reveals  that  open-channel  turbulent  flow 
consists  of  a  continuous  sequence  of  large-scale  longitudinal  eddies  moving  downstream 
at  the  bulk  flow  velocity  (Figure  6.2).  The  eddies  have  an  asymmetric  form  reflecting 
areas  of  high-forward-speed  downwelling  ("sweeps")  and  burst-like  upwelling 
("ejections")  fluid  motions.  The  vertical  size  of  these  eddies  is  close  to  the  flow  depth  h. 
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ejection  areas)  varies  from  about  2h  to  12h  and  is  around  (4-5)h  on  average.  A  summary 
of  the  average  characteristics  of  the  large-scale  eddies  is  presented  in  Table  6.2.  Here 
eddy  period  T.  is  defined  using  eddy  length  LE  and  mean  flow  velocity  U  as 
TE  =  LE  /U 
. 
Not  all  the  images  collected  are  as  distinct  as  shown  in  Figure  6.2.  It  is 
acknowledged  that  there  is  a  great  deal  of  subjectivity  in  analysing  the  images  and 
measuring  the  dimensions  of  the  large-scale  turbulent  structures.  This  together  with  the 
natural  variability  of  the  phenomenon  is  reflected  in  rather  significant  values  of  standard 
deviations  of  the  determined  characteristics  of  the  eddies  (Table  6.2).  Nevertheless,  the 
existence  of  an  ordered  sequence  of  regions  of  upwelling  and  downwelling  fluid 
motions  is  clearly  distinguishable  on  all  the  images.  The  higher  the  flow  depth  and 
velocity,  the  more  pronounced  the  development  of  the  large-scale  turbulent  eddies  and 
the  less  ambiguous  the  interpretation  of  the  images. 
During  some  of  the  experiments  longitudinal  ridges  and  troughs  were  developed 
on  the  sediment  bed  (see  Table  6.2).  Analysis  of  the  images  of  the  visualized  flow  above 
both  ridges  and  troughs  does  not  reveal  noticeable  difference  in  the  longitudinal 
turbulent  structures.  Although  there  might  be  mutual  interaction  of  the  large-scale 
turbulent  eddies  and  the  bed  forms  developed,  images  collected  before  and  after  the 
development  of  the  ridges  and  troughs  do  not  indicate  any  noticeable  change  in  the  eddy 
characteristics  with  the  growth  of  the  longitudinal  bed  features.  However,  it  is  accepted 
that  this  may  be  owing  to  rather  significant  variability  of  the  phenomenon  itself  and 
limitations  of  the  present  research  method  which  requires  the  light  sheet  to  be  rather 
wide  to  capture  the  trajectory  of  motion  of  individual  neutral  tracers.  The  characteristics 
of  the  longitudinal  bed  forms,  their  cause  and  the  possible  relationship  with  the  large- 
scale  eddies  are  discussed  later. 
The  experimental  data  enables  some  preliminary  conclusions  to  be  drawn  on  the 
relationship  between  the  parameters  of  large-scale  turbulent  eddies  and  the  main  flow 
characteristics.  As  one  can  see  from  Table  6.2,  eddy  length  LE  generally  increases  with 
the  flow  depth  h,  mean  flow  velocity  U,  and  slope  J  (for  a  given  h).  At  the  same  time  all 
the  changes  in  relative  eddy  length  LE  /h  with  flow  conditions  are  within  the  errors  of 
the  measurements.  Judging  from  the  experimental  results  for  7.15  mm  gravel  with  a 
relatively  wide  range  of  flow  depths,  LE/h  value  tends  to  slightly  decreases  with  an 
increase  of  h  (Table  6.2).  The  experiments  with  2.40  mm  gravel  conducted  for  different 
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the  cases  relative  eddy  length  is  close  to  the  value  of  LE/h  =4-5.  Notable  are  the  very 
similar  periods  of  large-scale  eddy  motion  TE  =  0.3-0.5  s  (average  value  -Z0.4  s)  in 
different  experiments,  in  spite  of  a  rather  wide  range  of  experimental  conditions. 
The  relationships  of  LE  with  flow  depth  h  and  mean  flow  velocity  U  are  shown  in 
Figure  6.3.  As  the  first  approximation,  these  relationships  can  be  expressed  as  follows: 
LE  =  4.5  h  (6.1) 
and 
LE  0.4  U  (6.2) 
The  coefficient  4.5  in  (6.1)  is  the  average  relative  eddy  length  LE  1h,  and  0.4  in  (6.2)  is 
the  average  time  period  of  eddy  motion  TE  (in  seconds).  Despite  the  significant 
variability  of  the  experimental  data,  these  preliminary  relationships  can  serve  for 
approximate  assessments  and  as  a  background  for  further  investigations. 
It  is  interesting  to  compare  the  results  of  the  present  experiments  with  data  from 
other  similar  flow  visualization  studies.  The  only  data  available  for  coarse  bed  particles 
are  those  collected  by  Klaven  and  Kopaliani  (1973)  in  an  8m  long  by  0.21  m  wide 
flume  and  Imamoto  and  Ishigaki  (1986a,  1986b)  in  a6m  long  by  0.20  m  wide  flume. 
Their  data  are  summarized  in  Table  6.3  and  plotted  on  Figure  6.3.  As  one  can  see,  the 
additional  data  generally  support  the  results  of  the  present  experiments.  There  are  some 
indications  in  the  literature  that  LE  /h  ratio  might  decrease  with  relative  roughness 
(Klaven  and  Kopaliani  1973)  and  that  moving  bedload  might  alter  the  flow  turbulence 
(Nikora  and  Goring  1999,2000).  However,  to  date  the  existing  rather  limited  data  set 
for  flow  over  mobile  granular  beds  together  with  a  high  degree  of  variability  of  the 
phenomenon  prevents  a  reliable  estimation  of  the  effect  of  the  absolute  grain  size, 
relative  bed  roughness,  and  intensity  of  sediment  transport  on  the  eddy  characteristics. 
This  is  a  task  for  future  investigations. 
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Six  sets  of  measurements  (altogether  33  measurements)  of  the  instantaneous  flow 
velocity  components  near  the  bed  were  completed  using  an  Acoustic  Doppler 
Velocimeter  (ADV)  for  three  different  gravel  sizes  (Table  6.4).  The  quality  of  the 
velocity  data  collected  is  characterized  by  the  mean  values  of  the  correlation  parameter 
of  75.5%  and  signal-to-noise  ratio  of  38.9  dB,  which  are  consistently  above  the 
admissible  limits  for  reliable  data  of  70%  and  15  dB,  respectively,  recommended  by  the 
ADV  manufacturers  (SONTEK  1995).  No  attempts  were  therefore  made  to  filter  or 
correct  the  original  data. 
The  flow  conditions  during  the  measurements  were  characterised  by:  (a)  a 
constant  value  of  Shields  stress  'c'  =  0.048,  and  (b)  a  constant  value  of  sediment 
transport  intensity  I  =10-4  s"1  . 
The  present  analysis  is  restricted  to  streamwise  u  and 
vertical  v  flow  velocity  components  as  directly  related  to  the  rotational  fluid  motions 
observed  in  the  flow  visualization  experiments  (see  Figure  6.2).  A  typical  flow  velocity 
time  series  is  shown  in  Figure  6.4.  The  data  collected  indicate  that  flow  velocity 
fluctuations  take  place  in  a  quasi-cyclical  manner,  with  an  increase  in  the  streamwise 
velocity  component  usually  corresponding  to  a  negative  (towards  the  bed)  vertical  flow 
velocity  component,  and  vice  versa.  This  is  most  clearly  demonstrated  by  Figure  6.5 
showing  a  quadrant  plot  of  streamwise  u'  and  vertical  v'  flow  velocity  fluctuations. 
Figures  6.4  and  6.5  reflect  the  wave-like  motion  of  the  fluid  masses  known  as  the 
"bursting  phenomenon".  Upwelling  motion  of  fluid  away  from  the  bed  (+v')  causes  a 
decrease  of  longitudinal  velocity  (-  u')  near  the  bed  ("ejection  of  fluid").  This  is 
followed  by  an  inrush  of  fluid  (-v')  towards  the  bed  causing  an  increase  of  streamwise 
flow  velocity  (+u')  near  the  bed  surface  ("high  speed  sweep"). 
To  derive  whether  there  is  any  periodicity  in  the  flow  velocity  fluctuations, 
spectral  analysis  of  the  flow  velocity  time  series  has  been  used.  Typical  energy  spectra 
for  streamwise  and  vertical  flow  velocity  components  are  shown  in  Figure  6.6  together 
with  the  well-known  Kolmogorov's  "-5/3"  power  law  (Monin  and  Yaglom  1975).  As 
one  can  see,  both  spectra  generally  follow  the  Kolmogorov's  law  in  the  high-frequency 
region.  At  the  same  time,  there  is  a  well-distinguishable  peak  in  the  low-frequency 
region  corresponding  to  a  time  period  T=0.4  s.  This  peak  is  common  to  all  the  energy 
spectra  obtained  for  the  vertical  velocity  components,  and  can  also  be  recognized  in  the 
streamwise  velocity  spectra,  however,  in  this  case  it  is  much  less  stable  and  pronounced 
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increases  those  for  high  frequencies).  The  period  of  flow  velocity  fluctuations  of  about 
half  a  second  is  also  detectable  in  Figure  6.4,  which  shows  the  time  series  of  the  velocity 
data.  As  discussed  previously,  the  same  value  was  obtained  for  the  period  of  motion  of 
the  large-scale  turbulent  eddies.  This  suggest  that  these  two  phenomena  are  closely 
linked,  and  the  movement  of  the  large-scale  eddies  (Figure  6.2)  is  apparently  the  main 
reason  for  the  observed  low-frequency  flow  velocity  fluctuations  (Figures  6.4  and  6.6). 
Interestingly,  the  low-frequency  periodicity  in  turbulent  fluctuations  has  also  been 
detected  in  some  other  flume  studies  with  similar  experimental  conditions.  For  example, 
Komori  et  al.  (1982)  investigated  flow  velocity  fluctuations  at  the  free  surface  in  a  6.1  m 
long  by  0.3  m  wide  flume  and  discovered  regular  vertical  fluid  motions  in  the  0.04  m 
deep  flow  (mean  flow  velocity  0.07  m  s'1)  with  the  period  of  about  1.2  s.  Cellino  and 
Graf  (1999)  undertook  turbulence  measurements  in  a  16.8  m  long  and  0.60  m  wide 
flume  with  a  bed  composed  of  4.8  mm  grains.  The  bed  slope  was  0.0015,  the  flow  depth 
was  0.12  m,  and  the  flow  velocity  was  0.73  m  s"1.  The  turbulence  spectra  obtained 
reveal  a  noticeable  energy  peak  corresponding  to  the  period  of  about  0.5  s.  Macauley 
(1999)  measured  turbulence  characteristics  in  an  18  m  long  and  0.8-1.1  m  wide 
trapezoidal  channel  with  gravel  bed  (median  grain  size  3.7  mm)  having  slope  of  0.0025. 
The  measurements  were  made  for  the  flow  depth  of  0.15  m  and  mean  velocity  of  0.75  m 
s'.  Spectral  analysis  of  the  velocity  data  series  collected  showed  a  stable  period  of  flow 
velocity  fluctuations  of  about  0.4  s.  Thus,  there  is  a  remarkable  similarity  in  the  results 
of  these  independent  flume  studies. 
The  existence  of  low-frequency  regular  velocity  fluctuations  was  also  detected  in 
some  geophysical  flows  (e.  g.,  Grinvald  and  Nikora  1988,  Clifford  et  al.  1992,  Lapointe 
1992,  Nezu  and  Nakagawa  1993,  Robert  et  al.  1993,  Roy  et  al.  1996),  but  this  is  usually 
attributed  to  the  effect  of  different  bed  forms  and  large-scale  roughness  elements. 
However,  recently  Buffin-Belanger  et  al.  (2000)  measured  velocity  fluctuations  in  the 
Eaton  North  River,  Canada  above  a  reasonably  flat  gravel  bed  (median  grain  size  33 
mm)  without  significantly  protruding  pebble  clusters.  The  average  depth  of  flow  was 
between  0.35  m  and  0.40  m  and  the  mean  velocity  of  flow  was  0.36  m  s"1.  From  the 
now  velocity  measurements  at  different  elevations  above  the  bed,  Buffin-Belanger  et  al. 
(2000)  detected the  presence  of  a  cyclic  and  alternating  pattern  of  large  regions  of  faster 
and  slower  moving  wedges  of  fluid,  occupying  the  entire  flow  depth.  These  flow 
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and  relatively  long  duration  (mean  duration  2  s),  and  they  were  typically  3  to  5  times 
longer  than  the  flow  depth  (Roy  and  Buffin-Belanger  2000).  Buffin-Belanger  with 
colleagues  concluded  that  these  wedges  represent  a  self-organisation  mechanism  of  river 
flows  over  gravel  river  beds.  In  the  context  of  the  results  of  the  present  flow 
visualization  experiments,  the  wedges  of  high-forward-speed  and  low-forward-speed 
fluid  can  be  associated  with  the  head  and  tail  of  the  depth-size  eddies  shown  in  Figure 
6.2. 
Given  the  insufficient  experimental  evidence  and  the  controversy  of  the  very 
existence  of  large-scale  turbulent  structures  and  regularity  in  flow  velocity  fluctuations, 
there  is  an  obvious  need  of  further  investigations  on  the  matter,  especially  for  natural 
sediment  beds.  Simultaneous  observation  of  the  turbulent  structures  in  visualized  flow 
and  the  measurement  of  velocity  fluctuations  in  different  parts  of  the  flow  using  a  non- 
intrusive  technique  would  significantly  clarify  the  situation. 
6.3.3  Effect  of  flow  turbulence  on  sediment  motion 
The  sequence  of  the  fluid  ejections  and  high  speed  sweeps  caused  by  the 
movement  of  large-scale  eddies  is  an  important  process  in  bed  particle  destabilisation. 
These  burst-like  upwelling  and  high-forward-speed  downwelling  fluid  motions 
significantly  increase  the  local  Reynolds  stress,  as  is  shown  in  Figure  6.4  constructed 
from  the  present  data  [see  also  Kim  et  al.  (1971),  Talmon  et  al.  (1986),  Lapointe  (1992), 
Shen  and  Lemmin  (1999)],  and  when  strong  enough  displace  the  bed  particles  most 
susceptible  to  movement. 
The  main  visually  observed  feature  of  the  process  of  bed  particle  movement  is  its 
apparent  randomness  and  intermittency.  This  is  attributed  to  the  random  distribution  of 
exposure  and  support  conditions  of  individual  grains  and  the  effect  of  the  turbulent 
fluctuations  (Grass  1970).  However,  as  shown  above,  turbulent  fluctuations  are  closely 
linked  to  the  movement  of  the  large-scale  eddies  and  appear  to  be  ordered  in  space  and 
time.  Fluid  ejection  and  sweep  events  are  grouped  over  certain  bed  areas  occupied  by 
moving  large-scale  eddies.  This  results  in  patchiness  of  sediment  entrainment  and 
intermittent  character  of  bed  particle  transport  (Grass  1971,  Drake  et  al.  1988,  Best 
1992,  Gyr  and  Schmid  1997). 
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are  as  follows:  (a)  drag  force  due  to  streamwise  flow  velocity  component;  (b)  lift  force 
due  to  difference  between  streamwise  velocity  near  the  bottom  and  the  top  of  a  bed 
particle  ("dynamic  lift");  (c)  lift  force  generated  by  upward  fluid  motion  ("direct  lift"); 
and  (d)  impact  from  other  moving  particles.  The  peak  impulse  of  the  drag  force  and 
dynamic  lift  is  associated  with  high  speed  sweeps,  while  the  maximum  destabilising 
impact  of  the  direct  lift  is  associated  with  fluid  ejections.  During  high-forward-speed 
sweeps,  the  corresponding  increase  of  dynamic  lift  is  partly  compensated  for  by  the 
downwelling  fluid  motion  (negative  direct  lift).  During  fluid  ejections,  both  direct  lift 
and  dynamic  lift  (the  latter  reduced  due  to  reduction  of  the  streamwise  flow  velocity 
component)  coincide  in  direction.  The  impact  force  from  moving  particles  becomes 
significant  during  relatively  active  transport  of  bed  sediment. 
When  dealing  with  initial  motion  of  streambeds,  entrainment  due  to  collision 
impact  can  be  neglected.  The  main  destabilising  forces  exerted  upon  bed  particles  are 
therefore  sweep-related  drag  and  dynamic  lift,  and  ejection-related  direct  lift,  as  is 
schematised  in  Figure  6.7.  The  pressure  distribution  on  a  grain  surface  that  induces 
motion  is  the  result  of  a  combination  of  all  of  these  forces.  It  is  seen  from  Figure  6.7  that 
particles  may  be  entrained  by  the  sweep-related  forces  exerted  by  a  passing  turbulent 
eddy,  i.  e.  an  impulse  force  on  the  particles.  The  particles  may  also  be  lifted  from  the  bed 
by  ejection-related  forces.  By  this  mechanism  even  sheltered  particles  can  be  entrained. 
Both  sweep  and  ejection  events  are  responsible  for  the  generation  of  high  local 
Reynolds  stresses  most  significantly  affecting  bed  particles  (Figure  6.4).  However, 
opinions  differ  on  the  prevailing  mechanism  of  particle  entrainment.  For  example,  Grass 
1971,1983,  Williams  and  Kemp  1971,  Klaven  1987,  Drake  et  al.  1988,  Best  1992, 
1993,  and  Dittrich  et  al.  (1996)  associate  the  initiation  of  sediment  transport  with  sweep 
impacts  significantly  increasing  drag  and  dynamic  lift  forces.  On  the  other  hand,  Garcia 
et  al.  (1996),  Shen  and  Lemmin  (1999),  and  Sechet  and  Le  Guennec  (1999)  relate 
mobilization  of  bed  particles  mainly  with  fluid  ejections.  Ergenzinger  and  Jupner  (1992) 
used  pressure  sensors  built  in  an  artificial  120  mm  cobble  to  measure  fluid  forces  acting 
on  the  cobble  (placed  on  a  rough  bed  with  d50  =  50  mm)  at  different  flow  conditions. 
They  came  to  the  conclusion  that  the  lift  force  is  far  more  important  than  the  drag  force 
for  the  entrainment  of  bedload.  The  role  of  the  lift  force  in  inducing  coarse  particle 
movement  has  been  recently  investigated  by  Allan  and  Frostick  (1999)  in  a9  in  long  by 
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mm)  using  a  digital  video  camera  and  applying  a  recently  developed  image-analysis 
method  established  that  particles  do  not  pivot  around  adjacent  grains  as  required  by  drag 
induced  entrainment  but  are  entrained  by  vertical  movement.  They  concluded  that  the 
main  force  at  the  time  of  entrainment  was  therefore  lift  with  drag  only  becoming 
significant  once  the  particles  were  lifted  clear  of  the  bed. 
Obviously,  the  contribution  of  each  of  these  destabilising  forces  to  particle 
mobilization  depends  on  particular  bed  surface  conditions.  Factors  influencing  this 
include  particle  size,  shape,  position  among  surrounding  grains,  exposure,  support 
conditions,  bed  sediment  packing,  and  granulometric  composition  of  the  bed  material. 
The  variability  of  these  factors  in  natural  streams  and  the  difficulty  in  determining  their 
individual  effect  means  that  they  have  to  be  accounted  for  statistically.  This  approach  is 
used  in  this  study  (see  Chapters  4  and  5). 
6.3.4  Ejection-related  lift  force  and  sediment  mobility 
It  is  known  that  the  turbulent  intensity  in  the  longitudinal  direction  has  a 
maximum  value  near  the  rough  bed  quickly  decreasing  towards  the  water  free  surface, 
while  the  vertical  turbulent  intensity  is  almost  constant  in  the  near-bed  region  (e.  g., 
Nezu  and  Nakagawa  1993).  This  allows  the  flow  velocity  data  collected  in  this  study  at 
about  one  grain  diameter  above  the  bed  to  be  used  for  assessing  the  change  of  the 
destabilising  impact  from  the  lift  force  due  to  vertical  fluid  motion  (direct  lift  FL)  on  the 
bed  particles  of  different  sizes. 
The  instantaneous  lift  force  due  to  upward  fluid  motion  is  given  by 
it  d2  (+  v')2 
FL  =cp  4P2 
(6.3) 
where  cp  is  the  resistance  coefficient  of  particles.  The  gravitational  force  stabilising  bed 
particles  is 
3 
G=g(P,  -P)"-  6 
(6.4) 
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F, 
=3 
cP  (+v)' 
(6.5) 
G  4g  (s-1)d 
The  resistance  coefficient  cp  is  different  for  all  the  surface  grains,  and  depends  on  the 
grain  shape  and  location  among  the  surrounding  particles.  However,  for  rough  beds 
composed  of  sediments  with  a  similar  density,  shape,  and  degree  of  uniformity 
statistically  average  values  of  cp  should  be  the  same.  Therefore,  we  can  write 
FL 
« 
(+v')2 
Gg  (s-l)d  (6.6) 
Given  the  highest  Reynolds  stresses  are  produced  by  the  maximum  vertical  turbulent 
pulsations  (Figure  6.4),  we  finally  obtain 
2 
G`g  (s-1)d  (6.7) 
Here  MI,  is  the  dimensionless  particle  mobility  parameter,  and  v95  is  the  95th  percentile 
of  v  values.  The  mobility  parameter  ML  is  directly  proportional  to  the  ratio  of  the 
destabilising  lift  forces  from  upward  fluid  motions  to  stabilising  forces  acting  on  the  bed 
particles,  and,  therefore,  reflects  the  overall  degree  of  bed  sediment  mobility.  The 
greater  ML,  the  higher  the  ratio  of  the  destabilising  to  stabilising  forces,  and  the  higher 
the  bed  mobility. 
The  values  of  v95  and  ML  in  the  present  experiments  are  shown  in  Table  6.4. 
Change  of  mobility  parameter  ML  with  grain  size  at  different  flow  conditions  is  also 
shown  in  Figure  6.8.  As  one  can  see  from  Table  6.4(a)  and  Figure  6.8(a),  the  mobility 
parameter  ML  and,  accordingly,  intensity  of  sediment  motion  I  gradually  increase  with 
grain  size  d  in  spite  of  the  constant  value  of  the  Shields  stress  z*.  At  the  same  time,  for 
the  flows  with  the  same  transport  intensity  I  (which  required  gradual  reduction  of  ti` 
with  increase  of  d),  the  mobility  parameter  ML  was  very  similar  [Table  6.4(b)  and 
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i'  required  to  produce  a  given  intensity  of  sediment  motion  (or  sediment  transport  rate) 
decreases  with  increase  of  grain  size,  i.  e.  the  coarser  the  gravel,  the  higher  its  relative 
mobility.  This  conclusion  supports  the  results  of  the  experiments  on  incipient  motion  of 
uniform  sediments  showing  the  gradual  reduction  of  critical  Shields  stress  ti:  for  large 
values  of  grain  Reynolds  number  Re,  (Section  4.3.4  of  Chapter  4,  Figures  4.9  and  4.10). 
As  mentioned  above  in  Chapter  4,  this  phenomenon  can  be  explained  by  the  effect  of 
the  absolute  grain  size  on  the  wake  eddies,  which  are  shed  behind  the  bed  particles  and 
which  affect  the  near-bed  turbulence  field  and,  therefore,  overall  flow  resistance. 
It  would  be  very  interesting  to  assess  the  destabilising  impact  on  bed  particles  of 
different  sizes  from  the  drag  force  FD  and  dynamic  lift  FDL 
. 
These  forces  are  obviously 
an  order  of  magnitude  greater  and  their  contribution  to  bed  particle  entrainment  is 
therefore  more  significant  compared  to  direct  lift  FL.  However,  this  requires  precise 
measurements  of  the  instantaneous  streamwise  flow  velocity  component  at  the  top  of  the 
bed  particles,  which  is  not  provided  by  the  ADV  capabilities.  The  use  of  the  data 
collected  at  one  grain  diameter  above  the  bed  for  this  purpose  would  be  incorrect  given 
the  significant  change  of  the  longitudinal  turbulent  intensities  when  moving  away  from 
the  bed  surface.  This  also  prevents  assessment  of  the  relative  change  of  the  drag  force 
and  dynamic  lift  for  different  grain  sizes  using  the  present  data,  as  the  measurement 
results  for  the  streamwise  flow  velocity  component  are  very  sensitive  to  the  accuracy  of 
the  positioning  of  the  ADV  sampling  volume  above  the  bed  surface,  which  always 
involves  some  errors  given  the  uncertainty  of  defining  the  "surface  of  the  rough  granular 
bed". 
6.3.5  Bed  pattern  and  large-scale  turbulent  eddies 
During  the  present  experiments  with  relatively  active  transport  of  2.40  mm  gravel 
longitudinal  ridges  and  troughs  were  developed  on  the  sediment  bed  (see  Table  6.2). 
These  bed  features  were  the  same  as  those  described  in  Section  4.3.6,  Chapter  4  and 
shown  in  Figure  4.15.  The  number  of  troughs  in  these  tests  varied  from  two  to  five,  with 
spacing  of  about  two  flow  depths.  The  most  active  transport  of  sediment  took  place 
along  the  troughs,  as  demonstrated  by  Figure  4.16. 
At  present  the  development  of  longitudinal  bed  forms  is  usually  explained  by  the 
existence  of  the  "secondary  spiral  currents"  initiated  near  the  channel  walls.  These  near- 
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mechanism  when  existing  spiral  currents  induce  formation  of  a  longitudinal  sediment 
ridge  which,  in  turn,  creates  another  pair  of  spiral  currents  with  axes  parallel  to  the 
flume  walls,  and  so  on  (Nezu  and  Nakagawa  1993).  Adjacent  currents,  with  opposite 
directions  of  rotation,  form  zones  of  alternating  convergent-upward  (corresponding  to 
ridges)  and  divergent-downward  (corresponding  to  troughs)  movements  of  water  flow 
promoting  lateral  bedload  transport.  There  are  also  studies  which  relate  the  generation  of 
secondary  flows  and,  as  a  result,  longitudinal  bed  forms  in  poorly  sorted  sediments  with 
lateral  variations  in  bed  roughness  (e.  g.,  Tsujimoto  1989,  Colombini  and  Parker  1995, 
McLelland  et  al.  1999). 
However,  as  the  movement  of  bed  particles  is  affected  by  passing  large-scale 
turbulent  eddies  shown  in  Figure  6.2,  the  development  of  the  longitudinal  bed  features 
with  the  observed  preferential  transport  of  bed  particles  along  the  troughs  can  be 
considered  as  an  indirect  indication  of  the  three-dimensional  structure  of  the  eddies  with 
the  eddy  width  of  =2h.  This  speculation  is  supported  by  direct  measurements  of 
Imamoto  and  Ishigaki  (1986b)  who  recorded  depth-scale  circular  motion  of  neutral 
tracers  over  an  immobile  bed  in  both  longitudinal  and  transverse  directions.  This  is  also 
consistent  with  experimental  results  of  Zaitsev  (1984)  and  Tamburrino  and  Gulliver 
(1999),  who  came  to  the  same  conclusion  about  three-dimensional  structure  of  the 
depth-size  turbulent  eddies. 
Thus,  based  on  the  results  of  the  present  experiments  and  previous  flow 
visualization  studies,  the  general  spatial  structure  of  the  open-channel  turbulent  flow  can 
be  represented  by  the  model  sketched  in  Figure  6.9.  This  model  is  similar  to  that 
proposed  by  Tamburrino  and  Gulliver  (1999),  but  with  a  greater  longitudinal  dimension 
of  the  eddies  (Tamburrino  and  Gulliver  gave  LE  =  2h).  The  downstream  movement  of 
the  three-dimensional  macroturbulent  eddies  shown  in  Figure  6.9  will  cause  quasi- 
periodic  fluctuations  of  the  local  flow  velocity  vector,  and  in  the  fixed  coordinate 
system  will  be  seen  by  an  observer  as  circular  fluid  motions  known  as  "secondary 
currents".  Hence,  the  existence  of  the  organized  movement  of  three-dimensional  depth- 
scale  turbulent  eddies  along  stable  paths  may  explain  the  commonly  observed 
alternation  of  high-speed  and  low-speed  regions  in  both  streamwise  and  spanwise 
directions  in  a  turbulent  flow  which  are  reflected  in  the  character  of  sediment  motion 
and  bed  pattern  developed.  As  the  macroturbulent  eddies  have  been  detected  above  both 
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(Klaven  and  Kopaliani  1973,  present  study),  their  existence  is  thus  independent  of  the 
presence  of  the  bed  forms  and  may  be  viewed  as  self-organisation  mechanism  of  open- 
channel  turbulent  flow. 
6.4  Conclusions 
From  the  results  of  the  present  study  the  following  general  picture  of  the 
macroturbulent  structure  of  the  open-channel  flow  and  turbulence  driven  processes  on 
the  mobile  sediment  bed  emerges.  The  turbulent  flow  appears  to  consist  of  not  random 
fluid  motions  but  rather  an  ordered  sequence  of  persistent  three-dimensional  large-scale 
turbulent  eddies  (Figures  6.2  and  6.9).  The  vertical  size  of  these  eddies  is  close  to  the 
flow  depth,  the  longitudinal  size  is  between  two  and  12  depths  (around  4-5  depths  on 
average),  and  the  transverse  size  is  about  two  depths.  These  eddies  move  downstream  at 
the  bulk  flow  velocity.  This  causes  quasi-periodic  high-forward-speed  downwelling 
("sweeps")  and  burst-like  upwelling  ("ejections")  fluid  motions  throughout  the  entire 
flow  depth,  resulting  in  quasi-periodic  fluctuations  of  the  flow  velocity  vector.  The 
movement  of  the  eddies  takes  place  along  relatively  stable  paths  ("macrojets")  and  is 
responsible  for  the  existence  of  alternating  high-speed  and  low-speed  regions  in  both  the 
streamwise  and  spanwise  directions.  The  up-and-down  movement  of  fluid  due  to  the 
eddy  motion  exerts  fluctuating  lift  and  drag  hydrodynamic  forces  on  the  bed  particles  in 
a  cyclical  manner.  These  forces  when  strong  enough  cause  displacement  of  bed  particles 
most  susceptible  to  movement.  As  the  movement  of  bed  sediment  is  affected  by  passing 
turbulent  eddies,  it  has  a  patchy  and  intermittent  character  and  is  concentrated  along  the 
paths  of  eddies  motion.  This  results  in  the  alternation  of  longitudinal  stripes  of  active 
and  inactive  sediment  transport  causing  the  development  of  longitudinal  troughs  and 
ridges  with  spacing  of  about  two  depths  (Figures  4.15  and  4.16  of  Chapter  4). 
Given  the  remarkable  similarity  of  the  results  of  the  present  experiments  with 
other  flow  visualization  studies  (Klaven  1966,1968,  Klaven  and  Kopaliani  1973, 
Imamoto  and  Ishigaki  1986a,  1986b,  Tamburrino  and  Gulliver  1999),  one  may  conclude 
that  the  observed  large-scale  turbulent  structure  is  not  an  accidental  coincidence  of  facts 
or  due  to  the  imagination  of  a  researcher  but  a  common  phenomenon  in  open-channel 
6  Turbulent  Structure  of  Open-Channel  Flow  over  Gravel  Beds  165 flows.  The  established  organized  depth-scale  fluid  motions  appear  to  play  an  important 
part  in  the  mechanism  of  the  open-channel  turbulence  and  bed  particles  transport  and, 
therefore,  should  be  taken  into  account  in  predicting  methods. 
6  Turbulent  Structure  of  Open-Channel  Flow  over  Gravel  Beds  166 Table  6.1  Hydraulic  Conditions  During  Turbulence  Measurements  (Armfield  Flume) 
Measuring  Sediment  Flow  Flow  Transport 
Experiment  Equipment  Size  Slope  Depth  Velocity  Intensity* 
d  i  h  U  Ix104 
(mm)  x  103  (m)  (m  S-1  )  (S-1  ) 
Flow  Video  camera  2.40-7.15  4.1-8.3  0.025-0.100  0.41-0.98  0-2000 
visualization  Still  camera  2.40-7.15  4.1-6.5  0.030-0.100  0.38-0.98  0-150 
Velocity  ADV  4.50-7.15  6.5  0.063-0.107  0.77-0.99  0.7-4.0 
fluctuations  I  I  I  I  I  I  i 
*  estimated  from  data  on  incipient  motion  of  uniform  sediments 
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Flume  Camera  Grain  Flow  Flow  Bed 
Source  Width  Type  Size  Slope  Depth  Velocity  Sediment 
B  d  i  h  U  Mobility 
(m)  (mm)  x  103  (m)  (m  s-1) 
Klaven  and  0.21  Movie  3-14  6.7-10  0.050-0.052  0.54-0.56  No/Weak 
Kopaliani  (1973) 
Imamoto  and  0.20  Still/Video  12  2.0  0.040  0.19  Fixed  bed 
Ishigaki  (1986a) 
Table  6.4  Turbulence  Characteristics  in  Armfield  Flume  (slope  0.0065) 
Sediment  Flow  Flow  Shields  Turbulent  Intensit  Vertical  Mobility  Transport 
Size  Depth  Velocity  Stress  Streamwise  Vertical  Velocity  Parameter  Intensity* 
d  h  U  ti  OU  av  V95  ML  Ix  104 
(mm)  (m)  (m  S-1  )  (m  s-1)  (m  s')  (m  S-1  )  E  q.  (6.7)  (S-1  ) 
(a)  tii=0.048 
4.50  0.0630  0.77  0.048  0.092  0.025  0.041  0.022  0.7 
5.65  0.0813  0.78  0.048  0.098  0.030  0.049  0.026  1.7 
7.15  0.1066  0.99  0.048  0.117  0.036  0.060  0.032  4.0 
(b)1=10"4  s'1 
4.50  0.0649  0.82  0.049  0.092  0.027  0.044  0.026  1.0 
5.65  0.0799  0.77  0.047  0.099  0.031  0.050  0.027  1.0 
7.15  0.0995  0.98  0.045  0.108  0.034  0.056  0.027  1.0 
*  estimated  from  data  on  incipient  motion  of  uniform  sediments 
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Flow 
-(25-50)h 
Figure  6.1  Development  of  rotational  movement  of  flow  in  flume  experiments  (from 
videos  of  neutral  tracers  motion). 
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Figure  6.5  Quadrant  plot  of  streamwise  u'  and  vertical  v'  flow  velocity  fluctuations. 
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Figure  6.6  Distribution  of  energy  spectra  for  streamwise  u  and  vertical  v 
flow  velocity  components  (offset  9-10  cm). 
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Figure  6.7  Diagram  of  forces  acting  on  bed  particles  (FD  is  the  drag  force,  FDL  is  the 
dynamic  lift  force,  F1_  is  the  direct  lift  force,  F  is  the  resultant  hydrodynamic  force,  and 
G  is  the  grain  weight). 
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Implementation  and  Testing  of  Bedload 
Transport  Model 
"To  study  the  laws  of  Nature  does  satisfy  the  mind, 
but  it  also  does  serve  an  utilitarian  purpose:...  The 
theory  must  be  applied  to  the  practice  ... 
" 
(DuBuat) 
7.1  A  New  Model  for  Weak  Bedload  Transport 
Many  field  gravel-bed  streams  are  characterised  by  low  bed  shear  stresses  with 
inactive  bedload  transport  most  of  the  time  (Charlton  et  al.  1978,  Andrews  1984,1994, 
Milhous  1997).  Even  at  bankfull  conditions,  the  bed  shear  stress  often  exceeds  the 
critical  stress  for  bed  material  movement  only  moderately  and  is  rarely  more  than  two  or 
three  times  the  critical  value,  even  during  severe  floods  (Parker  et  al.  1982,  Wathen  et 
al.  1995).  A  substantial  portion  of  the  bed  material  transported  over  a  period  of  years  is 
carried  out  under  marginal  transport  conditions  when  the  flow  is  capable  of  transporting 
relatively  few  bed  particles  at  any  time.  Therefore,  an  accurate  prediction  of  the 
behaviour  of  bed  sediment  in  gravel-bed  streams  requires  a  proper  description  of  the 
process  of  near-to-threshold  bedload  motion.  However,  most  of  the  available  bedload 
equations  are  derived  for  active  sediment  transport.  More  over,  none  of  these  accounts 
for  the  effect  of  bed  slope  on  sediment  mobility,  which  is  shown  in  previous  chapters  to 
be  an  important  factor  for  adequate  prediction  of  near-to-threshold  bedload  transport. 
The  set  of  transport  relationships  [(4.12),  (5.3),  (5.5),  (5.6),  and  (5.7)]  derived  in 
this  study  for  the  characterization  of  the  incipient  motion  of  streambeds  represents  a 
new  surface-based  model  of  weak  bedload  transport.  This  model  describes  near-to- 
threshold  transport  of  uniform  and  graded  (unimodal  and  weakly  bimodal)  natural  sands 
and  gravels  on  a  flat  bed  under  quasi-uniform  flow  conditions  and  is  summarized  below 
(all  variables  are  expressed  in  m-kg-s  units). 
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"  ýs 
"  aso  t, 
J-s.  o 
qbr  b  £, 
(7.1) 
Normalized  Einstein  bedload  parameter: 
Obi 
qbi  =  (7.2) 
f,  p,  (s 
-1)  g  di' 
Shields  stress: 
._L 
g  (Ps  -P)d1 
(7.3) 
Particle  mobility  factor: 
a50  =  -1.1 
[log  (1000  d50  )]  3+4.8  [log  (1000  dso  )]  Z- 
(7.4) 
5.0  log  (1000  d50  )+4.6 
Mixture  mobility  factor: 
b=2.5  [log(ag  )]  4,0  +1  (7.5) 
Hiding  function: 
-e 
d' 
for 
a' 
<_  1 
dso  d5 
£.  _  -12 
(7.6) 
log  10 
a' 
for 
d' 
>_  1 
d50  dso 
Exponent  in  hiding  function: 
e=2.0  ß8  `o  {0.049  [log(1000  d50  )]  '-  0.26  [log(1000  d,.  )]' 
50 
)]  Z+ 
(7.7) 
0.33  log(1000  d50)+1.201-1.4 
Mixture  geometric  standard  deviation  (for  bed  surface): 
r7d, 
u 
8=  (7.8) 
7  Implementation  and  Testing  of  Bedload  Transport  Model  182 In  the  above  equations  qb;  is  the  fractional  transport  rate  (dry  weight)  per  unit  width, 
f,  is  the  proportion  of  fraction  i  in  the  bed  surface,  d,  is  the  mean  size  of  fraction  i,  dso 
is  the  median  grain  size  for  the  bed  surface,  ps  is  the  sediment  density,  p  is  the  fluid 
density,  s=  ps/p  is  the  specific  density,  g  is  the  gravitational  acceleration,  r=  pgRb  J 
is  the  bed  shear  stress,  J  is  the  slope,  R.  =R 
(ng  In  Y/2  is  the  hydraulic  radius  of  the  bed 
corresponding  to  grain  roughness,  R  is  the  hydraulic  radius,  ng  =  0.048  d'  6  is  the  grain 
roughness  coefficient,  and  n  is  the  overall  Manning  roughness  coefficient  of  the 
channel. 
The  above  bedload  transport  model  is  restricted  for  qb  50  S  10-2  (value  of  qb;  for 
d;  =d50),  d50=1-124  mm  and  J=0.001-0.070.  It  can  be  used  for  predicting  the 
behaviour  of  coarse-grained  streambeds  under  marginal  transport  conditions,  which  are 
typical  of  gravel-bed  streams.  In  the  following  sections  an  example  of  implementation 
of  this  model  in  the  existing  computer  software  ISIS  Flow/Sediment  is  demonstrated 
and  its  performance  for  simulating  graded  sediment  transport  is  tested. 
7.2  ISIS  Flow/Sediment 
ISIS  Flow  is  a  computer  program  developed  jointly  by  Halcrow  Group  Ltd,  U.  K. 
and  HR  Wallingford  Ltd,  U.  K.  for  modelling  steady  and  unsteady  flows  in  open 
channels.  ISIS  Sediment  is  a  mobile  bed  sediment  transport  module  for  the  ISIS  Flow 
program.  By  the  use  of  this  module  ISIS  Flow  can  predict  sediment  transport  rates,  bed 
elevations  and  amounts  of  erosion/deposition  throughout  a  channel  system  with  a  bed 
composed  of  either  uniform  or  graded  sediments.  The  following  is  a  brief  discussion  of 
the  hydrodynamic  and  mobile  bed  portions  of  this  simulation  package.  The  discussion  is 
not  intended  to  provide  a  complete  description  of  the  package,  as  it  addresses  only  those 
parts  that  are  used  for  modelling  the  behaviour  of  graded  sediments.  For  more  detailed 
information  about  ISIS  Flow  and  ISIS  Sediment  see  Halcrow/HR  Wallingford  (1997, 
1999). 
7  Implementation  and  Testing  of  Bedload  Transport  Model  183 7.2.1  Hydrodynamics 
The  modelling  of  the  free  surface  flow  is  based  on  the  Saint-Venant  equations, 
which  express  conservation  of  mass  and  momentum  of  the  water  body  one- 
dimensionally.  Conservation  of  mass  leads  to  the  "continuity"  equation,  which 
establishes  a  balance  between  the  rate  of  rise  of  water  level  and  wedge  and  prism 
storage.  Conservation  of  momentum  leads  to  the  "dynamic"  equation,  which  establishes 
a  balance  between  inertia,  gravity  and  friction  forces. 
The  governing  equations  are  the  continuity  equation 
aQ 
+ 
aA 
_  --  Ri 
ax  at 
and  the  momentum  equation 
(7.9) 
aQ  a  ßQ2  aH 
_ 
QIQI  Q 
ät  +ax  A 
+gA  ax  gA 
K2 
+q,  cosy=0  (7.10) 
where  Q  is  the  water  flow,  A  is  the  cross-section  area,  q,  is  the  lateral  inflow,  x  is  the 
longitudinal  channel  distance,  t  is  the  time,  H  is  the  water  surface  elevation  above 
datum,  (3  is  the  momentum  correction  coefficient,  g  is  the  gravitational  acceleration,  a 
is  the  angle  of  inflow,  K  =A  R'/3  In  is  the  channel  conveyance,  n  is  the  Manning 
roughness  coefficient,  R  is  the  hydraulic  radius. 
The  assumption  made  in  order  to  derive  these  equations  are:  (a)  the  flow  is  one- 
dimensional,  i.  e.  a  single  velocity  and  elevation  can  be  used  to  describe  the  state  of  the 
water  body  in  a  cross-section;  (b)  the  streamline  curvature  is  small  and  vertical 
accelerations  negligible,  hence  the  pressure  is  hydrostatic;  (c)  the  effects  of  boundary 
friction  and  turbulence  can  be  accounted  for  by  representations  of  channel  conveyance 
derived  for  steady  state  flow;  (d)  the  average  channel  bed  slope  is  small  enough  such 
that  the  small  angle  approximation  can  be  used;  and  (e)  all  the  functions  and  variables 
are  continuous  and  differentiable. 
The  Preissmann  four-point  implicit  finite  difference  scheme  is  employed  in  ISIS 
Flow  to  provide  a  linearisation  and  solution  to  the  linear  version  of  the  Saint-Venant 
equations.  Let  f  be  the  value  of  depth  or  discharge  or  a  function  of  depth  or  discharge  at 
longitudinal  position  XL+u2  and  at  time  ti+e  ,  where  k  is  the  position  index,  which 
7  Implementation  and  Testing  of  Bedload  Transport  Model  184 increases  in  the  downstream  direction,  and  i  is  the  time  index.  The  value  of  f  or  its 
continuous  derivatives  with  respect  to  space  and  time  can  be  discretised  as: 
i4  +I  +  fti+I 
)+  (1 
- 
OXfti+I  +  fkil  (7.11) 
f(Xgt)-2 
[ovk+I 
of 
_1r 
({'  i+1  i+l  ýf 
r  ill 
ax  2  0X  L8  W  k+1  - 
fk 
)+  (1 
-o  k+l  - 
fk 
/J 
%.  12ý 
of  ý{ 
,  +1 
l  ý{ 
.  +1  rll 
at 
2  At 
ýW 
k+l  - 
fk+i 
/+  Wk- 
fk 
/J 
(7.13) 
where  0  is  a  weighting  factor  lying  between  0.5  and  1,  Ox  is  the  distance  step,  At  is  the 
time  step,  and  fk  is  the  value  off  evaluated  at  position  xk  at  time  ti. 
Using  the  above,  both  Saint-Venant  equations  can  be  transformed  into  their  linear 
form: 
+l  i+l  i+l  I+1 
Cl  Qk  +  C2  Hk  +  C3  Qk+l  +  C4  Hk+l  =  CS  (7.14) 
The  values  of  c,  ...  C5  are  calculated  for  each  iteration  and  each  node  in  the  open 
channel  and  depend  on  variables  calculated  at  the  previous  iteration  or  time  step. 
The  external  boundary  and  initial  conditions  must  be  applied  to  provide  a  well- 
posed  mathematical  problem.  For  sub-critical  flow,  which  is  of  primary  interest,  the 
upstream  boundary  condition  is  normally  specified  as  a  discharge  hydrograph  and  the 
downstream  conditions  as  a  stage  hydrograph  or  a  stage-discharge  curve. 
7.2.2  Mobile  bed  module 
The  modelling  of  sediment  bed  evolution  is  based  on  the  sediment  continuity 
equation: 
az  ac  0 
at 
+ 
ax 
(7.15) 
7  Implementation  and  Testing  of  Bedload  Transport  Model  185 where  p  is  the  bed  porosity,  B  is  the  flow  width,  z  is  the  bed  elevation,  and  G  is  the 
volumetric  bedload  discharge.  This  equation  assumes  that  the  rate  of  change  of 
sediment  entrained  in  the  flow  is  negligible  in  comparison  with  the  terms  expressing  the 
rate  of  change  in  bed  elevation  and  change  in  transport  rate. 
Equation  (7.15)  is  discretised  in  the  following  form: 
yk+l  -G' 
(1-P)  B1+1 
Azk+l 
+  =0  At  AX  (7.16) 
where  Az  is  the  change  in  bed  elevation  over  time  step  At.  This  equation  can  be  solved 
explicitly  for  Az  as  Gk+;  is  calculated  by  the  sediment  transport  equation  and  Gk+'  will 
have  been  determined  previously. 
Central  to  successful  simulation  of  the  mobile  bed  is  the  use  of  an  appropriate 
sediment  transport  equation.  The  original  version  of  ISIS  Sediment  offers  a  choice  of 
three  sediment  transport  equations  for  non-cohesive  sediments:  (a)  Engelund  and 
Hansen  (1967);  (b)  Ackers  and  White  (1973);  and  (c)  the  revised  version  of  the  Ackers 
and  White  equation  (Ackers  1993).  Among  these  equations,  the  Ackers  and  White  total 
load  transport  function  is  the  most  appropriate  for  coarse  sediments.  The  revised  form  of 
the  Ackers  and  White  function  will  be  used  later  for  comparative  computations  and  its 
general  form  is  given  below: 
Ggr  =  C[(Fgr  -  Agr)/Agr  1  '"  (7.17) 
where  G8,  is  the  sediment  transport  parameter, 
qb 
Gj 
(U* 
8ý  p,  dUU 
F 
gr 
is  the  particle  mobility  parameter, 
(-n 
U;  U 
Fg' 
gds  -1  321og(10  h/d) 
(7.19) 
7  Implementation  and  Testing  of  Bedload  Transport  Model  186 Ag,  is  the  threshold  value  of  Fg,  at  sediment  initial  motion,  qb  is  the  total  load 
transport  rate  per  unit  width  (dry  weight),  d  is  the  grain  size,  p,  is  the  sediment  density, 
U  is  the  mean  flow  velocity,  U.  is  the  shear  velocity,  g  is  the  gravitational  acceleration, 
s  is  the  specific  density  of  sediment,  and  h  is  the  flow  depth.  The  parameters  n,  A8, 
,  m, 
and  C  depend  on  dimensionless  grain  diameter  d.  =d 
[g  (s 
-1)/k 
2  ]'l3 
and  are  defined 
as:  for  d.  >60  (coarse  sediment,  d>2  mm)  n=0,  Ag,  =0.17,  m=1.78,  C=0.025;  for 
1<  d.  <60  (transitional  and  fine  sediments,  0.06<d<2  mm)  n  =1-  0.56  log  d. 
, 
Ag,  =  0.14  +  0.23/  d. 
,m  =1.67  +  6.83/d. 
, 
log  C=  -3.46+  2.79  log  d.  -  0.98  (log  d.  Y. 
The  above  transport  functions  are  originally  derived  for  uniform  sediments  and  in 
ISIS  Sediment  are  applied  to  sediment  mixtures  on  the  basis  of  the  assumption  that  each 
size  fraction  is  not  affected  by  the  presence  of  other  fractions  and  that  each  fraction  is 
distributed  uniformly  in  the  bed  (classical  approach).  The  calculated  transport  rate  for  a 
given  size  fraction  is  multiplied  by  the  proportion  of  that  fraction  in  the  bed  surface, 
without  accounting  for  relative  size  effects. 
ISIS  Sediment  employs  a  three-layer  conceptualisation  of  the  mobile  bed  for 
modelling  sorting  effects  in  graded  sediments.  These  layers  are:  (a)  an  active  layer  at  the 
surface  of  the  channel  bed;  (b)  a  deposited  layer  below  it;  and  (c)  the  parent  bed 
material  below  the  deposited  layer.  The  quantity  of  sediment  in  each  of  these  layers  is 
recorded  at  each  channel  section  for  each  sediment  fraction.  If  there  is  net  erosion  at  a 
section,  then  the  deposited  layer  is  not  present.  As  deposition  or  erosion  causes  an 
exchange  between  the  material  in  the  active  layer  and  the  material  in  transport,  the 
composition  of  the  active  layer  is  updated.  For  example,  in  the  case  of  erosion  from  a 
widely  graded  bed  material,  the  finer  sediments  will  be  brought  into  transport  more 
rapidly  than  the  coarser  sediments.  So  the  proportion  of  the  active  layer  consisting  of 
the  coarsest  fraction  will  increase  and  the  proportion  of  the  finer  fractions  will  decrease. 
If  some  fractions  are  not  eroded  at  all,  then  the  active  layer  will  eventually  stabilise  to 
an  armoured  state  for  which  only  non-mobile  sediments  are  present  in  the  active  layer. 
The  active  layer  thickness  is  set  as  a  factor  on  the  local  d95  bed  material  size  and  does 
not  change  during  the  computations  so  that  for  erosion  the  material  eroded  from  the 
active  layer  is  replaced  by  an  equal  quantity  of  material  taken  from  the  layer  below  (the 
deposited  layer  if  present  or  alternatively  the  parent  material).  In  the  case  of  deposition, 
7  Implementation  and  Testing  of  Bedload  Transport  Model  187 the  material  being  added  into  the  active  layer  is  matched  by  an  equal  volume  of  material 
passed  from  that  layer  into  the  deposition  layer. 
For  the  modelling  of  mobile  bed  evolution,  the  upstream  boundary  conditions 
must  be  specified  as  sediment  inflow  transport  rate  against  time,  concentration  against 
time  or  concentration  against  water  flow.  The  bed  elevation  is  free  to  move  at  both 
upstream  and  downstream  boundaries. 
The  sediment  transport  and  mobile  bed  evolution  are  calculated  at  each  time  step 
in  the  following  sequence:  (a)  calculate  the  hydraulic  variables  of  flow,  stage,  and 
velocity  in  the  usual  way;  (b)  starting  at  the  upstream  end  of  the  channel,  loop  around 
the  nodes  calculating  the  sediment  transport  capacity  and  solving  the  sediment 
continuity  equation  for  depth  of  erosion/deposition;  (c)  update  the  channel  conveyance 
tables  to  allow  for  any  calculated  deposition  or  erosion  ready  for  the  next  time  step. 
The  calculated  parameters  include  sediment  mass  balance,  sediment  transport 
rates,  volumes  of  erosion  and  deposition,  composition  of  the  cumulative  bedload,  active 
layer  composition,  and  bed  elevation. 
7.3  Development  of  ISIS  Sediment 
The  model  of  weak  bedload  transport  derived  in  this  study  and  presented  above 
[equations  (7.1)-(7.8)]  is  coded  and  incorporated  into  ISIS  Sediment  mobile  bed 
module.  The  following  is  the  bedload  transport  subroutine  written  in  Fortran  77: 
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subroutine  bedload(tau,  slope,  dens,  densty,  d50,  sigma, 
+  di,  fi,  qbi) 
c  calculates  fractional  bedload  transport  rate  (dry  weight) 
c  per  unit  width  (kg/s/m) 
c 
c  Invocation 
c  It  calls:  none 
c  Called:  for  each  size  fraction 
c 
c  Arguments 
c  INPUT: 
c  tau  bed  shear  stress  (kg/m/s2) 
c  slope  water  surface  slope  (m/m) 
c  dens  water  density  (kg/m3) 
c  densty  sediment  density  (kg/m3) 
c  d50  median  size  for  bed  surface  (m) 
c  sigma  geometric  standard  deviation  for  bed  surface 
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c  di  mean  diameter  for  i-th  size  fraction  (m) 
c  fi  proportion  of  i-th  size  fraction  in  bed  surface 
c 
c  OUTPUT: 
c  qbi  fractional  bedload  transport  rate  (dry  weight) 
c  per  unit  width  (kg/s/m) 
c 
c  other  variables 
c  taustar  Shields  stress  for  di 
c  qbstar  normalised  Einstein  bedload  parameter  for  di 
c  a50  particle  mobility  factor  for  d50 
c  b  mixture  mobility  factor 
c  e  exponent  in  hiding  function 
c  epsi  hiding  function 
c  x  temporal  variable 
c 
c  Restrictions 
c  0.001m<d50<O.  124  m,  0.002<slope<0.090,  gbstar(d50)<0.01 
real  tau,  slope,  dens,  densty,  NO,  sigma,  di,  fi 
real  qbi 
real  taustar,  qbstar,  a50,  b,  e,  epsi,  x 
c  Shields  stress 
taustarrtau/((densty-dens)*9.81*di) 
c  Particle  mobility  factor 
x=aloglO(1000.0*d50) 
a50=-1.1*x**3.0+4.8*x**2.0-5.0*x+4.6 
c  Mixture  mobility  factor 
b=2.5*(alogl0(sigma))**4.0+1.0 
c  Hiding  function  epsi 
if  (di/d50.  lt.  1.0)  then 
c  Exponent  e 
e=2.0/sigma**0.1*(0.049*x**3.0-0.26*x**2.0+0.33*x+1.2)-1.4 
epsi=(d50/di)**e 
else 
epsi=1.0/(aloglO(10.0*di/d50))**2.2 
end  if 
c  Normalized  Einstein  bedload  parameter 
qbstar=(a50*taustar/(b*epsi))**18.0/slope**5.0 
c  Fractional  weight  bedload  transport  rate  per  unit  width  (kg/s/m) 
qbi=gbstar*fi*densty*sgrt((densty/dens-1.0)*9.81*di**3.0) 
return 
end 
This  subroutine  allows  the  computation  of  fractional  transport  rates  from  the 
known  bed  shear  stress  and  the  composition  of  the  surface  layer.  The  subroutine  is 
simple  (although  contains  the  results  of  the  extensive  three-year  research)  and  can  be 
easily  incorporated  into  other  existing  hydrodynamic  simulation  packages.  The 
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the  computations  are  then  used  to  solve  the  sediment  continuity  equation  (7.16). 
The  bedload  transport  function  of  Parker  (1990)  derived  for  poorly  sorted 
mixtures  of  gravels  and  cobbles  and  based  on  the  use  of  the  hiding  function  has  also 
been  coded  and  added  to  ISIS  Sediment.  This  was  done  to  provide  a  comparison  of  the 
results  of  computations.  The  Parker  function  refers  to  the  particle  size  distribution  of  the 
surface  bed  material  and  reads  as  follows: 
13.685  1- 
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where  1V;  =  q, 
/t'2  is  the  Parker  bedload  parameter,  4,  =,  r;  /ti:;  is  the  normalized 
Shields  stress,  and  the  reference  (critical)  dimensionless  shear  stress  ti:;  is  defined 
from  hiding  function  T;;  =ti;  ' 
(dj/dso)-`.  This  bedload  function  is  similar  to  a 
function  derived  by  Parker  et  al.  (1982)  referenced  to  the  particle  size  distribution  of 
subsurface  bed  material.  The  transport  relationship  (7.20)  is  acknowledged  as  one  of  the 
most  appropriate  for  gravel-bed  rivers  and  is  often  quoted  and  used  by  others  (e.  g., 
Wilcock  and  Southard  1988,  Ferguson  et  al.  1989,  Kuhnle  1993a,  1993b,  Andrews 
1994,  Wathen  et  al.  1995,  Wilcock  et  al.  1996,  Andrews  2000).  The  problem  with 
Parker's  approach  is  that  it  does  not  consider  the  influence  of  bed  slope  on  sediment 
mobility  at  near-to-threshold  transport  conditions  as  established  as  important  in  this 
study  (see  Section  4.3.3,  Chapter  4  and  Section  5.4.1,  Chapter  5),  as  well  as  the  existing 
uncertainties  in  the  character  of  the  hiding  function  and  the  value  of  ti:  so  9  which  are 
required  for  fractionwise  calculations  (these  issues  are  discussed  in  detail  in  Chapter  2). 
so  =  0.035  and  e=0.982  determined  for  Oak  Creek  (Parker  and  Here  the  values  of  t,  * 
Klingeman  1982)  are  used  for  the  comparative  computations. 
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The  model  of  weak  bedload  transport  developed  in  the  present  research  was  tested 
on  the  detailed  graded  sediment  transport  data  collected  by  Glasgow  and  Aberdeen 
Universities  using  HR  Wallingford  tilting  flume  (Fuller  1998,  Willetts  et  al.  1998).  The 
flume,  the  experimental  channel,  and  the  measuring  equipment  were  the  same  as  used  in 
the  part  of  the  present  experiments  with  graded  sediments.  A  detailed  description  of  the 
research  facilities  and  apparatus  is  given  in  Section  3.3  of  Chapter  3  (Figures  3.9-3.14). 
Bed  material  employed  in  the  experiments  was  mixed  from  natural  sediments  and 
was  characterised  by  a  weakly  bimodal  distribution  typical  of  many  gravel-bed  rivers 
with  d16  =  0.85  mm,  d_, 
O  =  4.05  mm,  d84  =  6.71  mm,  and  a8  =  2.81.  The  grain  size 
distribution  and  the  cumulative  grading  curve  for  the  bed  material  are  shown  in  Figure 
7.1.  The  initial  composition  of  the  bed  material  was  essentially  identical  to  that  of  the 
mixture  HR  used  in  the  present  study  of  incipient  motion  of  streambeds  (see  Table  3.2, 
Figures  3.15-3.16).  However,  during  the  experiments  considered  here  the  composition 
of  the  bed  was  constantly  changing  in  response  to  the  variable  experimental  conditions 
applied. 
The  experiments  undertaken  were  designed  to  produce  a  partial  sediment 
transport,  i.  e.  the  applied  bed  shear  stress  was  only  above  threshold  for  part  of  the  bed 
material  size  distribution.  The  aim  of  these  experiments  was  to  study  the  evolution  of 
the  graded  sediment  bed  under  different  upstream  sediment  feed  conditions.  The 
granulometric  composition  of  the  feed  sediment  mixture  is  shown  in  Figure  7.1,  and  it  is 
characterised  by  d16  =  0.61  mm,  d5  =  3.65  mm,  d84  =  5.86  mm,  and  ßg  =  3.10  . 
Hydraulic  conditions  in  the  six  experiments  used  for  the  test  computations  are 
given  in  Table  7.1.  The  experiments  were  conducted  for  initially  flat  sediment  bed,  at  a 
variety  of  bed  slopes  and  the  same  initial  depth  of  0.15  m.  Water  discharge  during  the 
experiments  was  kept  constant.  In  Table  7.1  the  first  three  experiments  (Nos.  4,5,  and 
6)  were  degradation  ones  without  sediment  supply  to  the  flume,  while  the  other  three 
(Nos.  8,9,  and  11)  consisted  of  two  phases:  initial  feed  phase  (with  feeding  sediment  at 
a  constant  rate  to  the  upstream  end  of  the  channel)  and  subsequent  degradation  phase.  In 
the  experiments  Nos.  9  and  11  the  feed  rate  was  5.0  g  s'1,  which  was  close  to  the 
sediment  transporting  capacity  of  the  flow,  while  in  the  experiment  No.  8  the  feed  rate 
was  set  to  half  of  that  for  the  other  two  feed  experiments. 
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elevation,  flow  velocity  distribution,  air  and  water  temperature,  bedload  transport  rate, 
longitudinal  bed  profiles,  bed  surface  texture,  and  bedload  granulometric  composition. 
During  the  experiments  all  the  sediment  sizes  were  transported  in  bedload  mode  under 
generally  weak  transport  conditions.  The  measured  values  of  qb  50  were  consistently 
lower  than  10.2.  After  each  of  the  experiments  wax  samples  of  the  bed  surface  were 
taken  at  different  parts  of  the  channel.  These  gave  the  final  composition  of  the  bed 
surface.  The  full  description  of  the  experimental  procedures  and  detailed  analysis  of  the 
data  collected  can  be  found  in  Fuller  (1998)  and  Marion  (1996). 
7.5  Test  Simulations 
The  simulation  of  the  above  experiments  was  undertaken  using  ISIS  Sediment  as 
a  development  template  with  the  aim  of  testing  the  performance  of  the  proposed  model 
of  weak  sediment  transport  (7.1).  To  provide  a  comparison,  the  simulations  were  also 
made  using  the  original  version  of  ISIS  Sediment  with  the  Ackers-White  transport 
equation  (7.17)  representing  the  classical  approach  to  graded  sediment  calculations  and 
using  the  Parker  bedload  function  (7.20)  with  a  hiding  function  representing  the  "equal 
mobility"  concept. 
Preliminary  calculations  demonstrate  that  these  transport  equations  give  very 
different  results  when  applied  to  the  fractionwise  calculations  in  the  experiments  listed 
in  Table  7.1.  This  is  seen  in  Figure  7.2  showing  the  calculated  and  measured  initial 
fractional  transport  rates  from  the  bed  surface  layer  with  the  known  granulometric 
composition  (initially  the  same  as  of  the  bulk  bed  material)  in  the  experiments  Nos.  4 
and  11.  These  experiments  have  similar  initial  conditions,  and  yet  almost  one  order  of 
magnitude  difference  is  seen  in  the  measured  data.  This  is  typical  of  the  variability  of 
bedload  transport  in  streams.  As  the  measured  data  provide  the  basis  for  the 
comparison,  this  variability  can  be  viewed  as  a  general  criterion  for  the  assessing  the 
overall  performance  of  the  empirical  transport  equations.  It  is  seen  from  Figure  7.2  that 
the  Ackers-White  equation  significantly  overestimates  the  transport  of  fine  size 
fractions  (d,  <d  %)  and  underestimates  the  mobility  of  coarse  fractions  (d;  >  dso  ), 
giving  no  transport  of  particles  larger  than  8.0  mm.  The  Parker  bedload  function  shows 
near  equal  transport  mobility  for  different  grain  sizes  (in  accordance  with  Parker's 
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distribution.  Nevertheless,  the  Parker  function  demonstrates  significantly  better  results 
compared  to  the  Ackers-White  equation.  Among  the  transport  equations  tested,  the 
proposed  one  gives  the  best  fit  to  the  measured  data.  However,  all  the  transport 
equations  show  similar  results  for  the  median  size  fractions  (d50)  in  the  sediment 
mixture.  The  principal  question  emerging  from  the  examination  of  Figure  7.2  is:  What 
is  the  significance  of  the  difference  in  the  calculated  fractional  transport  rates  for  the 
end  size  fractions  for  predicting  the  long-term  behaviour  of  the  graded  sediment  bed? 
The  answer  will  be  obtained  from  the  comparative  test  simulations. 
The  numerical  simulations  were  undertaken  by  dividing  the  16.7  m  long  modelled 
channel  into  18  sections  with  a  constant  space  increment  of  1.0  m  (0.7  m  for  the  last 
downstream  section).  The  time  increment  for  the  simulation  was  1  s.  The  distance  and 
time  steps  were  chosen  according  to  the  recommendations  of  the  ISIS  developers 
(Halcrow/HR  Wallingford  1997)  to  provide  an  accurate  resolution  of  the  channel.  The 
bed  material  was  divided  into  ten  size  fractions  (maximum  allowed  in  ISIS  Sediment) 
and  was  assumed  to  be  fully  mixed  at  the  start  of  each  simulation.  The  active  layer 
thickness  was  set  to  be  equal  to  d95  which  is  between  the  values  of  d9O  and  2d84 
suggested  in  the  literature  (Parker  1991,  Hoey  and  Ferguson  1994,  Seal  et  al.  1998, 
Ferguson  et  al.  1998).  The  channel  bed  slope  and  water  depth  were  set  equal  to  those  in 
the  experiments.  The  boundary  conditions  employed  were:  (a)  constant  discharge  at  the 
upstream  boundary;  (b)  constant  water  level  at  the  downstream  boundary;  and  (c) 
sediment  inflow  (zero  or  a  constant  value)  at  the  upstream  boundary. 
7.6  Results 
The  computational  results  concerned  the  bedload  transport  and  mobile  bed 
evolution  are  presented  together  with  the  measured  data  in  Table  7.2  and  Figures  7.3 
through  7.10.  Most  of  the  results  given  here  refer  to  one  typical  degradation  experiment 
(No.  4)  and  one  typical  feed  experiment  (No.  9),  which  are  generally  representative  of 
all  the  other  experiments  simulated. 
When  evaluating  the  results  of  the  test  simulations  the  following  points  should  be 
remembered.  Firstly,  the  numerical  simulations  are  based  on  the  assumption  that 
initially  the  sediment  bed  is  perfectly  mixed  and  has  a  constant  slope.  However,  some 
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experimental  preparation.  The  numerical  simulations  represent  therefore  idealized 
averaged  conditions  and  one  would  expect  some  differences  between  the  computed  and 
measured  results  to  be  inevitable.  Secondly,  the  transport  equations  tested  are  based  on 
statistical  regression  of  many  transport  data  and  therefore  are  incapable  of  capturing 
short  time  scale  fluctuations  in  total  and  fractional  transport  rates  and  bedload  grain  size 
composition.  Finally,  the  results  of  the  sediment  transport  computations  significantly 
depend  on  the  accuracy  of  hydrodynamic  simulations,  as  well  as  numerical 
schematisation  of  the  mobile  bed  and  sediment  interchange  processes.  Therefore,  the 
predicted  behaviour  of  the  graded  sediment  reflects  partly  the  overall  performance  of 
the  ISIS  Flow/Sediment  simulation  package. 
The  analysis  of  the  results  obtained  and  discussion  of  the  performance  of  the  three 
transport  equations  tested  is  given  in  the  following  sections. 
7.6.1  Bedload  yield 
Measured  and  computed  bedload  yields  in  each  of  the  six experiments  are  given  in 
Table  7.2.  As  one  can  see,  all  the  transport  functions  tend  to  overestimate  the  total 
amount  of  bedload  transported.  The  Ackers-White  and  Parker  equations  demonstrate 
comparable  results,  which  are  generally  about  two-three  times  higher  than  the  measured 
bedload  yields.  The  proposed  transport  model  shows  better  agreement  with  the 
measured  data,  with  the  predicted  bedload  yields  1.2-2.1  times  the  measured  values. 
The  generally  higher  values  of  the  computed  bedload  yield  may  be  partly  due  to 
the  fact  that  none  of  the  transport  functions  account  explicitly  for  the  infiltration  of  fine 
sediment  into  the  gravel  bed.  This  phenomenon  appears  to  be  important  in  controlling 
the  behaviour  of  fine-grained  portion  of  sand-gravel  mixtures  (e.  g.,  Frostick  et  al.  1984, 
Allan  and  Frostick  1999).  The  infiltration  rates  into  gravel  beds  depend  on  a 
combination  of  factors  including  the  bed  material  composition,  supply  of  fine  sediment, 
mobility  of  the  gravel  framework,  and  flow  regime.  In  the  flume  experiments  this 
process  can  be  especially  intensive  in  the  early  stages,  because  of  the  disorganised 
nature  of  the  bed  material.  However,  the  process  of  fine  sediment  infiltration  has  not 
been  studied  in  detail,  and  its  inclusion  into  transport  models  is  a  task  for  future 
investigations. 
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The  temporal  variation  of  the  measured  and  computed  total  bedload  transport  rates 
in  the  degradation  experiment  No.  4  is  shown  in  Figure  7.3.  The  measured  data 
demonstrate  a  typical,  for  the  degradation  conditions,  rapid  decline  of  bedload  transport 
rates  during  the  initial  few  hours  of  the  experiment,  with  the  following  gradual  steady 
diminishing  of  the  rates  as  time  progressed.  The  computed  data  generally  demonstrated 
the  similar  pattern.  However,  the  Ackers-White  equation  gives  an  almost  five-fold 
overestimation  of  the  initial  bedload  transport  rates,  with  the  computed  rates 
approaching  the  measured  data  for  the  second  half  of  the  experiment.  The  Parker 
equation  shows  results,  which  are  close  to  the  measured  data  for  the  first  few  hours  of 
the  experiment,  but  afterwards  significantly  overestimates  bedload  transport.  The 
proposed  transport  model  demonstrates  reasonable  agreement  with  the  measured  data 
for  the  whole  duration  of  the  experiment. 
Figure  7.4  shows  typical  variation  of  measured  and  computed  transport  rates  with 
time  in  the  feed  experiment  No.  9.  During  this  experiment  feeding  of  sediment  was 
provided  at  a  constant  rate  for  the  first  49  hours.  Then  feeding  was  stopped,  and  a 
degradation  phase  took  place.  This  variation  in  the  experimental  conditions  is  reflected 
in  rather  complicated  changes  in  the  measured  data,  which  show  increase  in  transport 
rates  after  10  hours  from  the  start  of  the  experiment  when  the  front  of  the  fed  sediment 
reached  the  sediment  traps,  approximately  constant  time-averaged  transport  between  30 
and  50  hours,  and  gradual  decrease  in  transport  rates  after  50  hours  when  the  feeding 
was  stopped.  The  well-pronounced  "saw-like"  pattern  of  the  measured  data  series  in 
Figure  7.4  reflects  the  pulsating  character  of  bedload  transport  caused  by  the 
downstream  motion  of  the  fed  sediment  in  the  form  of  low-amplitude  (of  the  order  of 
the  largest  grains  present  in  the  bed  surface)  bedload  waves.  These  grain-scale  bed 
forms  (so  called  "bedload  sheets")  are  typical  of  sediment  mixtures  (e.  g.,  Whiting  et  al. 
1988,  Kuhnle  and  Southard  1988,  Wilcock  and  McArdell  1993,  Kuhnle  1996,  Whiting 
1996,  Livesey  et  al.  1998)  and  were  clearly  visible  in  these  experiments,  both  in 
photographs  of  the  bed  and  in  the  longitudinal  bed  profiles  (Pender  and  Shvidchenko 
1999). 
In  the  case  of  the  two-phase  experiment  No.  9,  application  of  the  three  transport 
equations  shows  rather  different  results.  It  is  seen  from  Figure  7.4  that  the  Ackers-White 
equation  again  gives  significant  (up  to  a  factor  of  20)  overestimation  of  initial  transport 
rates,  but  for  the  second  half  of  the  feed  phase  and  for  the  degradation  phase  the 
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contrary,  the  Parker  equation  shows  acceptable  results  for  the  initial  stage  of  the 
experiment,  then  predicts  a  significant  rise  of  sediment  transport  rates  (up  to  three  times 
over  the  measured)  apparently  reflecting  the  arrival  of  the  fed  sediment  at  the 
downstream  end  of  the  channel.  For  the  second  half  of  the  experiment  the  Parker 
equation  demonstrates  results  approaching  the  measured  data.  As  one  can  see  from 
Figure  7.4,  among  the  equations  tested  the  proposed  one  produces  generally  better 
predictions  of  the  total  bedload  transport  rates.  However,  the  computed  data 
demonstrate  about  four  hours  earlier  arrival  of  the  front  of  the  fed  sediment  and  about 
three  times  higher  transport  rate  for  the  first  wave  of  the  fed  sediment  compared  to  the 
measured  data,  which  finally  resulted  in  the  higher  predicted  bedload  yield  (see  Table 
7.2).  As  discussed  above,  this  can  be  due  to  the  infiltration  of  fine  sediments  into  the 
gravel  bed,  which  could  be  responsible  for  the  initial  significant  losses  of  the  fine 
portion  of  the  fed  sediments  not  accounted  for  in  the  transport  model.  Nevertheless,  the 
general  temporal  pattern  of  the  computed  data  series  is  quite  realistic. 
It  is  uncertain  what  causes  the  significant  fluctuations  in  the  calculated  transport 
rates  demonstrated  by  the  Parker  equation  and  the  proposed  transport  model  (see 
Figures  7.3  and  7.4).  This  is  probably  the  result  of  computational  instability  of  the 
uncoupled  numerical  scheme  utilised  in  ISIS  Flow/Sediment  for  the  simulation  of  weak 
transport  conditions  at  which  transport  rates  are  highly  sensitive  to  the  values  of  the  bed 
shear  stress  [see  equations  (7.1)  and  (7.20)].  Attempts  to  vary  the  time  step  of  the 
computations,  however,  did  not  result  in  noticeable  change  of  the  computed  parameters. 
The  variation  of  the  computed  transport  rates  might  also  be  related  to  some  natural 
processes  in  graded  sediment  transport.  Whatever  the  reason,  the  overall  performance  of 
the  proposed  transport  model  for  the  predicting  bedload  transport  rates  is  considered  to 
be  encouraging. 
7.6.3  Bedload  composition 
The  measured  and  computed  grain  size  distribution  of  the  cumulative  bedload 
washed  out  from  the  channel  during  the  degradation  experiment  No.  4  and  feed 
experiment  No.  9  are  presented  in  Figures  7.5  and  7.6,  respectively.  As  could  be 
expected  from  the  comparison  of  the  measured  and  calculated  initial  fractional  transport 
rates  shown  in  Figure  7.2,  the  Ackers-White  transport  equation  gives  too  fine-grained 
bedload  compared  to  the  measured  data,  while  the  Parker  equation  shows  excessive 
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proposed  transport  model  demonstrates  reasonable  agreement  with  the  measured  data, 
slightly  overestimating  the  proportion  of  the  grains  smaller  than  0.35  mm.  In  general, 
both  the  Parker  equation  and  the  proposed  model  may  be  judged  as  predicting  quite 
realistic  bedload  composition,  given  the  high  natural  variability  of  the  bedload  transport 
and  uncertainty  regarding  the  infiltration  of  the  fine  particles  into  the  gravel  bed. 
7.6.4  Bed  elevation 
Figure  7.7  presents  measured  and  computed  temporal  changes  of  the  bed  elevation 
at  chainage  9  m,  which  is  located  in  the  middle  part  of  the  channel.  It  is  seen  that  for  the 
degradation  experiment  No.  4  the  Ackers-White  equation  demonstrates  rapid  erosion  of 
the  bed  during  the  first  30-40  hours  and  gradual  stabilisation  of  the  bed  afterward,  with 
the  final  computed  elevation  of  the  bed  about  1.5  cm  lower  than  the  measured  one.  The 
Parker  equation  shows  similar  changes  in  the  bed  elevation,  which  is  about  0.5  cm 
higher  than  that  predicted  by  the  Ackers-White  equation.  The  results  given  by  the 
proposed  transport  model  practically  coincide  with  the  measured  data. 
In  the  case  of  the  experiment  No.  9,  the  temporal  changes  in  the  bed  elevation 
reflect  the  variable  experimental  conditions  applied,  with  initial  feed  phase  and 
subsequent  degradation  phase.  The  periodic  variations  in  the  measured  data  are  related 
to  the  downstream  propagation  of  the  low-amplitude  bedload  accumulations  -  "bedload 
sheets"  (Pender  and  Shvidchenko  1999).  For  this  experiment,  the  bed  elevation 
predicted  by  the  Ackers-White  transport  equation  is  0.5-1.0  cm  lower  than  the  measured 
one,  but  with  generally  similar  temporal  pattern.  The  Parker  equation  produces  rather 
unrealistic  temporal  changes  in  the  bed  elevation,  with  the  initial  elevation  about  0.5  cm 
higher  and  the  final  elevation  about  1.0  cm  lower  than  the  measured  ones.  The  proposed 
transport  model  again  demonstrates  reasonable  agreement  with  the  measured  data. 
The  final  measured  and  computed  longitudinal  bed  profiles  in  the  above 
experiments  are  presented  in  Figure  7.8.  As  one  can  see,  for  the  degradation  experiment 
No.  4  the  Ackers-White  transport  equation  gives  a  bed  profile  noticeably  lower  (about 
1-2  cm)  than  the  measured  one.  In  the  case  of  the  feed  experiment  No.  9  the  bed  profile 
predicted  using  the  Ackers-White  equation  is  rather  close  to  the  measured  data  at  the 
upstream  part  of  the  channel  and  is  about  1  cm  lower  at  the  downstream  end  of  the 
channel.  The  Parker  equation  shows  significant  erosion  of  the  bed  in  both  cases,  with 
the  bed  profile  1-2  cm  lower  than  the  actual  one.  The  longitudinal  bed  profiles 
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profiles  for  both  the  degradation  and  feed  experiments. 
7.6.5  Final  bed  surface  grading 
Figure  7.9  shows  the  measured  and  computed  cumulative  grading  curves  of  the 
bed  surface  developed  at  the  end  of  the  experiments  Nos.  4  and  9  at  chainage  9  m. 
Noticeable  are  the  little  observed  changes  in  the  bed  surface  composition.  The  apparent 
scatter  in  the  measured  data  is  rather  typical  as  far  as  sampling  of  poorly  sorted 
sediment  is  concerned.  The  data  scatter  is  related  to  both  the  complicated  spatial  sorting 
pattern  developed  (Pender  and  Shvidchenko  1999)  and  measurement  errors  associated 
with  the  molten  wax  sampling  technique  used  (Marion  1996). 
It  is  seen  from  Figure  7.9  that  in  both  the  degradation  and  feed  experiments  the 
Ackers-White  transport  equation  predicts  almost  total  winnowing  of  fines  from  the  bed 
surface,  with  the  development  of  a  coarse-grained  static  armour  layer  composed  of 
particles  larger  than  4  mm  in  size.  This  is  obviously  incorrect.  The  Parker  equation  and 
the  proposed  transport  model  demonstrate  comparable  results,  which  are  generally  in 
agreement  with  the  measured  data.  There  is  some  discrepancy  between  the  grading 
curves  predicted  by  these  two  methods  and  the  measured  data  in  the  feed  experiment 
No.  9.  The  proposed  model  slightly  underestimates  the  content  of  the  coarse  grains,  and 
both  these  methods  overestimate  the  proportion  of  fine  sediments  in  the  surface  layer. 
Interestingly,  a  similar  pattern  is  shown  for  the  composition  of  bedload  (see  Figure  7.6). 
As  mentioned  above,  this  can  be  explained  by  unpredictable  losses  of  fine  fractions  on 
infiltration  into  the  gravel  bed.  However,  it  is  unclear  why  this  did  not  happen  in  the 
degradation  experiment  No.  4.  Another  reason  for  the  discrepancy  between  the 
measured  and  predicted  properties  of  the  surface  layer  may  be  under-representation  of 
the  sand-size  particles  in  the  wax  samples  of  the  bed  surface  due  to  measurement  errors. 
On  the  whole,  the  deviation  of  the  grading  curves  predicted  by  the  Parker  transport 
equation  and  the  proposed  model  from  the  measured  data  is  comparable  to  the  scatter  in 
the  experimental  results  and  is  therefore  regarded  as  insignificant. 
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Summarizing  the  results  of  the  test  computations,  the  following  conclusions  on 
the  performance  of  the  transport  models  tested  can  be  made. 
The  classical  approach  to  the  calculation  of  transport  of  different  grain  sizes  in 
sediment  mixtures  ignores  size  fraction  interaction  and  as  a  result  does  not  provide  an 
adequate  prediction  of  long-term  trends  in  the  behaviour  of  graded  sediments.  The  use 
of  this  approach  represented  here  by  the  Ackers-White  transport  equation  significantly 
overestimates  transport  of  fine  sediments  and  underestimates  mobility  of  coarse  grains 
in  sediment  mixtures.  This  results  in  overestimation  of  transport  rates  and  total  bedload 
yield,  with  the  excessive  bed  erosion  and  the  development  of  too  coarse  an  armour  layer 
compared  to  the  actual  data. 
The  Parker  bedload  equation  incorporates  a  hiding  function  based  on  the  "equal 
mobility"  hypothesis  and  represents  the  present  state-of-the-art  in  graded  sediment 
calculations.  This  equation  shows  reasonable  results  for  the  bedload  and  bed  surface 
compositions.  However,  it  overestimates  mobility  of  the  end  size  fractions  in  the  graded 
sediment  tested,  which  results  in  excessive  transport  rates  and  bed  erosion  compared  to 
the  actual  data.  This  may  be  explained  by  the  existing  uncertainties  in  the  character  of 
the  hiding  function  for  different  sediment  mixtures  (Parker's  "equal  mobility"  concept 
obviously  does  not  hold  for  all  the  graded  sediments),  as  well  as  the  absence  of  reliable 
methods  for  predicting  the  entrainment  mobility  of  median-sized  grains  required  for 
fractionwise  calculations.  An  additional  factor  influencing  the  computed  results  could 
be  different  mobility  of  the  bed  sediment  at  different  bed  slopes,  which  is  not  accounted 
for  by  the  Parker  equation. 
The  flume  simulations  indicate  that  the  proposed  transport  model  is  capable  of 
reproducing  long-term  behaviour  of  graded  sediment  with  acceptable  accuracy.  Among 
the  transport  equations  used,  the  proposed  one  demonstrates  generally  better  agreement 
with  the  measured  data.  The  advantage  of  the  new  transport  model  over  the  widely  used 
Parker  equation  is  a  more  accurate  prediction  of  bedload  transport  rates  and  bed 
elevations,  with  the  comparable  results  for  the  granulometric  compositions  of  bedload 
and  bed  surface.  The  shortcomings  of  the  proposed  model  are  its  applicability  to  only 
weak  transport  conditions  (which,  however,  prevail  in  natural  gravel-bed  streams),  as 
well  as  non-consideration  of  infiltration  of  fine  sediment  into  the  gravel  bed.  The 
computed  transport  rates  and,  therefore,  the  resultant  bedload  yield  and  bed  elevations 
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hydrodynamic  computations,  with  all  the  necessary  corrections  for  the  bed  form  and 
sidewall  effects  to  be  made.  The  computed  results  for  bedload  and  bed  surface 
compositions  are  more  stable,  as  these  depend  mainly  on  the  relative  mobility  of 
different  grain  sizes  within  sediment  mixture. 
It  is  acknowledged  that  the  test  simulations  undertaken  are  not  enough  to  make  a 
categorical  conclusion  on  the  overall  performance  of  the  present  model  of  weak  bedload 
transport.  It  is  necessary  to  test  the  model  on  a  wider  range  of  bed  sediments  and  flow 
conditions,  including  field  data,  with  a  comprehensive  sensitivity  analysis  of  the  model 
parameters.  The  main  problem  for  this  is  the  absence  of  reliable  detailed  data  on  which 
the  transport  model  could  be  tested.  Therefore,  appropriate  data  sets  need  to  be  collected 
before  further  testing  can  be  made.  This  is  a  task  for  future  research.  It  is  anticipated 
that  collection  of  additional  data  may  result  in  some  modification  and  refinement  of  the 
components  of  this  model.  Nevertheless,  the  generally  positive  results  of  the  present  test 
simulations  of  graded  sediment  transport  in  a  laboratory  flume  are  rather  encouraging 
and  indicate  the  overall  correctness  of  the  novel  approach  to  the  prediction  of  streambed 
mobility  developed  in  this  study. 
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Exp  Bed  Width  Slope  Flow  Depth  Velocity  Sediment  Feed  Experiment 
No.  B  J  Q  h  U  Feed  Rate  Duration  Duration 
(m)  x  103  (L  s-')  (m)  (m  s-1)  (g  s"1)  (hrs)  (hrs) 
4  0.80  2.6  106  0.15  0.74  -  -  92.6 
5  0.80  2.9  117  0.15  0.82  -  -  85.6 
6  0.80  2.3  107  0.15  0.75  -  -  80.0 
8  0.80  2.3  102  0.15  0.71  2.5  67.0  87.0 
9  0.80  2.3  101  0.15  0.71  5.0  49.2  69.5 
11  0.80  2.6  111  0.15  0.78  5.0  32.0  60.5 
Table  7.2  Measured  and  Calculated  Bedload  Yield 
Exp 
No. 
Measured 
(kg) 
Ackers-White 
(kg) 
Parker 
(kg) 
Proposed  Model 
(kg) 
4  180  600  570  278 
5  325  794  803  375 
6  94  352  272  156 
8  352  744  924  602 
9  630  957  1174  816 
11  340  933  1154  724 
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Summary  of  Conclusions  and  Suggested 
Further  Work 
This  thesis  was  an  investigation  of  the  incipient  motion  of  streambeds.  The 
following  is  a  summary  of  the  work  undertaken,  principal  results  obtained,  and 
conclusions  drawn.  Some  ideas  and  suggestions  for  further  research  are  also  discussed. 
For  clarity,  these  are  grouped  into  the  four  main  areas  investigated  in  this  study:  (a) 
incipient  motion  of  uniform  sediments;  (b)  incipient  motion  of  graded  sediments;  (c) 
flow  turbulence;  and  (d)  bedload  transport  modelling. 
8.1  Incipient  Motion  of  Uniform  Sediments 
8.1.1  Summary  of  work 
A  series  of  laboratory  experiments  on  incipient  motion  of  coarse  uniform 
sediments  was  undertaken  in  an  8m  long,  0.30  m  wide  by  0.30  m  deep  tilting  flume. 
Natural  sand  and  gravel  sieved  into  eight  essentially  uniform  fractions  ranging  in  size 
from  1.0  mm  to  14.0  mm  were  used  as  experimental  bed  materials.  The  experiments 
were  conducted  at  a  range  of  fixed  bed  slopes  (0.0019-0.0287)  and  for  a  variety  of  water 
discharges  with  different  degree  of  the  bed  particle  mobility  ranging  from  "rare 
displacement  of  single  particles"  to  "general  transport".  The  main  measured 
characteristics  were  water  discharge,  flow  depth,  slope,  fraction  of  bed  surface  particles 
mobilized,  and  bedload  transport  rate.  A  total  of  312  experiments  (237  hours 
experimental  time)  were  performed. 
To  complement  and  extend  the  data  set  from  the  present  experiments,  an 
exhaustive  search  for  additional  data  on  the  incipient  motion  of  coarse  uniform 
sediments  was  undertaken.  The  final  compiled  experimental  data  set  covers  a  wide 
range  of  grain  sizes  (1.07-44.3  mm)  and  bed  slopes  (0.0008-0.070),  and  it  was  used  to 
analyse  the  factors  controlling  bed  material  entrainment  and  transport. 
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0A  new  approach  to  the  description  of  the  incipient  motion  of  bed  sediments  is 
proposed.  This  approach  describes  the  state  of  the  streambed  mobility  in  terms  of 
the  fraction  of  bed  particles  mobilized  in  unit  time  (called  "intensity  of  sediment 
motion"  or  "transport  intensity").  This  eliminates  the  subjectivity  in  defining 
threshold  conditions  and  provides  a  probabilistic  description  of  the  process  of 
sediment  entrainment. 
0  An  experimental  relationship  between  intensity  of  sediment  motion  and 
dimensionless  sediment  transport  rate  is  established.  This  relationship  allows  any 
measured  transport  rate  to  be  expressed  in  terms  of  the  intensity  of  sediment 
motion  or,  alternatively,  probability  of  sediment  entrainment. 
"  The  experimental  results  indicate  that  the  value  of  critical  bed  shear  stress  strongly 
depends  on  the  chosen  value  of  "critical"  intensity  of  sediment  motion.  It  is  shown 
that  the  commonly  used  Shields  threshold  curve  is  more  appropriate  for  predicting 
"general  transport"  of  the  bed  material. 
"  The  critical  bed  shear  stress  for  incipient  motion  of  uniform  sediment  appears  to 
depend  not  only  on  the  grain  size,  but  also  on  the  bed  slope.  The  steeper  the  slope, 
the  higher  the  value  of  the  critical  stress  for  a  given  grain  size.  This  is  explained 
by  the  effect  of  relative  depth  (depth  to  grain  size  ratio)  on  overall  flow  resistance. 
0  The  value  of  critical  dimensionless  bed  shear  is  not  constant  for  rough  turbulent 
flow,  as  is  usually  assumed,  but  gradually  reduces  with  grain  Reynolds  number. 
This  is  explained  by  the  changes  in  the  near-bed  turbulence  field  (and,  therefore, 
resistance)  with  absolute  grain  size. 
0  The  bed  particle  mobilization  is  not  entirely  random  over  the  bed  area  but  is 
concentrated  along  certain  paths  known  as  "longitudinal  troughs".  These  are 
related  to  the  effect  of  the  kinematic  structure  of  the  flow. 
.A  revised  Shields  diagram  relating  critical  dimensionless  stress,  grain  Reynolds 
number,  and  bed  slope  is  derived  for  different  intensities  of  sediment  motion  (or, 
alternatively,  different  probabilities  of  sediment  entrainment).  The  results  are 
presented  graphically  and  are  also  formulised  to  provide  tools  for  easy  practical 
calculations. 
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Further  experiments  on  incipient  motion  of  very  coarse  uniform  gravels  (larger 
than  50  mm)  at  moderate  bed  slopes  (less  than  0.010)  are  needed  to  extend  the  threshold 
diagram  derived  in  this  study.  Given  the  established  effect  of  bed  slope  on  bed  material 
mobility,  the  experiments  should  be  conducted  at  fixed  slopes  and  for  a  variety  of  water 
discharges  with  different  degrees  of  bed  material  mobility.  Collection  of  additional  data 
on  incipient  motion  of  medium  and  fine  sand  by  the  method  used  in  the  present  study  is 
also  desirable  to  extend  the  threshold  diagram  for  low  values  of  grain  Reynolds  number. 
8.2  Incipient  Motion  of  Graded  Sediments 
8.2.1  Summary  of  work 
Incipient  motion  of  various  sand/gravel  sediment  mixtures  was  investigated  in  an 
8m  long,  0.30  m  wide  by  0.30  m  deep  glass  walled  tilting  flume  and  an  18  m  long, 
0.80-1.10  m  wide  by  0.15  m  deep  trapezoidal  concrete  channel.  The  bed  materials  used 
were  mixed  from  natural  sand  and  gravel,  and  were  characterised  by  unimodal  and 
weakly  bimodal  grain  size  distributions,  with  different  skewness  and  standard  deviation. 
The  experiments  were  conducted  at  fixed  bed  slopes  ranging  from  0.0041  and  0.0141, 
for  a  variety  of  water  discharges  with  different  degrees  of  the  bed  mobility.  The  main 
measured  parameters  were  water  discharge,  flow  depth,  slope,  bedload  transport  rate, 
and  bedload  composition.  Altogether  142  experiments  with  a  total  duration  of  132  hours 
were  completed. 
A  search  of  available  flume  and  field  data  on  graded  sediment  transport  collected 
by  other  researchers  was  also  undertaken  to  complement  and  extend  the  results  of  the 
present  experimental  study.  In  total,  the  compiled  data  set  covers  median  grain  sizes 
ranging  from  1.75  mm  and  124  mm  and  bed  slopes  ranging  from  0.0007  and  0.025. 
8.2.2  Conclusions 
.  The  behaviour  of  graded  sediments  significantly  depends  on  the  bed  slope  as  in 
the  case  of  uniform  sediments.  The  steeper  the  slope  is,  the  higher  the  shear  stress 
is  needed  to  produce  a  given  transport  rate  for  a  given  size  fraction.  This  effect  has 
never  been  observed  in  sediment  mixtures  before  and  is  not  taken  into  account  by 
any  of  the  existing  sediment  transport  formulas.  It  also  follows  that  commonly 
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unacceptable  as  it  may  lead  to  erroneous  conclusions. 
0  The  behaviour  of  individual  fractions  in  graded  sediments  is  largely  controlled  by 
relative  size  effects.  These  effects  reduce  mobility  of  fine  fractions  due  to 
sheltering  from  larger  grains  and  increase  mobility  of  coarse  fractions  due  to 
greater  exposure  to  the  flow  compared  to  uniform  sediments  of  the  same  sizes. 
0  Relative  size  effects  in  unimodal  and  weakly  bimodal  sediment  mixtures  can  be 
adequately  described  by  a  hiding  function  with  respect  to  the  median  grain  size. 
The  character  of  this  function  is  independent  of  bed  slope  and  reference  transport 
rate,  but  varies  for  finer  fractions  with  mixture  sorting  and  median  grain  size. 
"  Relative  size  effects  dominate  in  sediment  mixtures  but  do  not  suppress  the  size- 
selective  motion  entirely.  The  greater  the  value  of  the  mixture  standard  deviation, 
the  more  reduced  the  hiding  effect  and  the  higher  the  mobility  of  fractions  finer 
than  the  median  grain  size. 
"  The  hiding  effect  for  fine  fractions  is  most  pronounced  for  mixtures  with  median 
grain  size  around  5  mm.  This  grain  size  also  requires  the  greatest  value  of 
dimensionless  shear  stress  for  mobilization  compared  to  other  sizes  in  the  case  of 
uniform  sediment. 
0  The  mobility  of  median-sized  grains  in  narrowly  graded  sediment  mixtures  (with 
geometric  standard  deviation  less  than  three)  is  the  same  as  in  uniform  sediment. 
For  mixtures  with  a  wider  grading,  the  mobility  of  median  fractions  systematically 
decreases  compared  to  uniform  material,  which  is  explained  by  the  siltation  effect. 
0A  practical  technique  for  calculating  the  low  transport  and  critical  shear  stress  of 
individual  size  fractions  within  unimodal  and  weakly  bimodal  sediment  mixtures 
is  proposed. 
8.2.3  Further  work 
Collection  of  additional  laboratory  and  field  data  is  needed  to  complement  and 
extend  the  results  of  the  present  study.  The  data  should  be  measured  at  fixed  bed  slopes 
to  eliminate  the  effect  of  the  slope  on  the  sediment  mobility.  The  issues  which  need 
detailed  investigation  are  the  mobility  of  median  size  fractions  in  widely  graded 
sediments,  the  effect  of  the  absolute  median  grain  size  on  relative  size  effects,  and  the 
behaviour  of  fractions  coarser  than  the  median  grain  size  in  widely  graded  sediment 
mixtures.  A  more  accurate  method  for  describing  the  shape  of  the  grain  size  distribution 
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two-component  mixtures  should  be  tested. 
8.3  Flow  Turbulence 
8.3.1  Summary  of  work 
The  turbulent  structure  of  open-channel  flow  over  a  mobile  gravel  bed  was 
undertaken  in  an  8m  long,  0.3  m  wide  by  0.3  m  deep  tilting  flume  with  glass  walls. 
Uniform  gravels  ranging  in  size  from  2  mm  and  8  mm  were  employed  in  the  flume 
tests.  A  flow  visualization  technique  was  used  and  complemented  by  measurements  of 
flow  velocity  fluctuations  near  the  bed.  The  experiments  were  conducted  for  a  range  of 
water  discharges  at  flume  slopes  between  0.0041  and  0.0083.  During  the  experiments 
52  videos  and  362  images  of  the  visualized  turbulent  flow  were  recorded  and  33 
measurements  of  the  instantaneous  flow  velocity  components  near  the  bed  were 
completed. 
8.3.2  Conclusions 
"  Open-channel  turbulent  flow  consists  of  an  ordered  continuous  sequence  of  three- 
dimensional  large-scale  (or  macroturbulent)  eddies.  These  eddies  have  an 
asymmetric  form,  reflecting  areas  of  high-forward-speed  downwelling  and  burst- 
like  upwelling  fluid  motions.  The  vertical  size  of  these  eddies  is  close  to  the  flow 
depth,  the  longitudinal  size  is  between  two  and  twelve  depths  (around  four  to  five 
depths  on  average),  and  the  transverse  size  is  about  two  depths. 
.  The  macroturbulent  eddies  move  downstream  along  relatively  stable  paths  at  the 
bulk  flow  velocity  and  cause  quasi-periodic  fluctuations  of  the  local  flow  velocity 
components. 
.  The  macroturbulent  eddies  represent  a  self-organisation  mechanism  of  open- 
channel  flow  associated  with  the  origin  of  "sweeps"  and  "ejections"  in  the 
boundary  layers,  alternate  high-  and  low-speed  flow  regions  in  both  the 
streamwise  and  spanwise  directions,  and  spiral  fluid  motions  known  as  "secondary 
currents". 
The  effect  of  the  macroturbulent  eddies  on  the  bed  particle  motion  is  reflected  in 
the  patchy  and  intermittent  character  of  bedload  transport,  which  is  concentrated 
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longitudinal  bands  of  active  and  inactive  sediment  transport  causing  the 
development  of  longitudinal  troughs  and  ridges. 
"  Measurements  of  the  flow  velocity  fluctuations  near  the  gravel  bed  indicate  that 
for  the  same  value  of  dimensionless  shear  stress,  the  ratio  of  destabilising  to 
stabilising  forces  acting  on  the  bed  particles  gradually  increases  as  the  grain  size 
increases.  This  observation  supports  the  results  of  the  incipient  motion 
experiments,  which  demonstrated  lower  values  of  the  critical  dimensionless  stress 
for  higher  grain  Reynolds  number  in  rough  turbulent  flow. 
8.3.3  Further  work 
Given  the  insufficient  experimental  evidence  and  the  controversy  of  the  very 
existence  of  the  organized  large-scale  turbulent  motions  and  regularity  of  flow  velocity 
fluctuations,  there  is  an  obvious  need  for  further  investigations  of  the  open-channel  flow 
macro-turbulence.  These  should  include  simultaneous  observation  of  the  turbulent 
structures  in  the  visualized  flow  and  measurement  of  velocity  fluctuations  in  different 
parts  of  the  flow  using  a  non-intrusive  technique  (for  example,  Laser  Doppler 
Anemometry).  Supplementary  direct  measurements  of  the  bed  pressure  fluctuations 
(using  micro-pressure  transducers)  would  significantly  clarify  the  effect  of  the  flow 
macroturbulent  structures  on  the  mechanism  of  bed  particle  mobilization.  The 
experiments  should  be  conducted  for  a  variety  of  bed  materials  and  flow  conditions.  A 
significant  challenge  in  terms  of  experimental  design  would  be  pressure  measurements 
at  different  points  along,  across,  and  inside  the  bed.  This  would  provide  information 
about  the  spatial  and  temporal  bed  pressure  distribution  and  would  also  clarify  the 
mechanism  of  damping  effects  of  the  granular  bed.  It  would  also  be  very  interesting  to 
undertake  similar  measurements  in  natural  gravel-bed  streams.  Other  poorly  understood 
processes  requiring  detailed  investigations  are  the  effects  of  the  absolute  grain  size, 
relative  bed  roughness,  intensity  of  sediment  transport,  and  bed  forms  developed  on  the 
turbulence. 
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8.4.1  Summary  of  work 
The  set  of  relationships  derived  in  this  study  for  predicting  the  near-to-threshold, 
or  weak,  bedload  transport  is  implemented  in  a  computer  program  ISIS  Flow/Sediment. 
The  modified  program  was  tested  on  detailed  graded  sediment  transport  data  collected 
by  Glasgow  and  Aberdeen  Universities  during  an  extensive  series  of  long  experiments 
in  the  HR  Wallingford  tilting  flume.  Comparative  simulations  were  made  using  the 
Ackers-White  transport  relationship  representing  the  classical  approach  to  calculating 
graded  sediments  without  accounting  for  hiding  and  exposure  effects.  Also  tested  was 
the  Parker  bedload  function  incorporating  a  hiding  function  based  on  the  Parker's 
"equal  mobility"  hypothesis. 
8.4.2  Conclusions 
"  The  results  of  the  numerical  simulations  demonstrate  that  the  classical  approach, 
represented  by  the  Ackers-White  transport  equation,  fails  to  provide  an  adequate 
prediction  of  long-term  trends  in  the  behaviour  of  graded  sediments.  This 
approach  significantly  overestimates  the  transport  of  fine  size  fractions  and 
underestimates  the  mobility  of  coarse  grains,  which  results  in  an  overestimation  of 
transport  rates  and  total  bedload  yield,  with  excessive  bed  erosion  and  the 
development  of  too  coarse  an  armour  layer. 
0  The  Parker  transport  equation  provides  acceptable  results  in  terms  of  the 
granulometric  composition  of  bedload  and  surface  layer  of  the  bed.  However,  it 
overestimates  mobility  of  the  end  size  fractions,  which  results  in  excessive 
transport  rates  and  bed  erosion. 
0  The  proposed  model  of  weak  bedload  transport  significantly  improves  the  results 
of  the  numerical  simulations  compared  to  the  sediment  transport  equations  tested 
and  demonstrates  reasonable  agreement  with  the  measured  bedload  transport  rates, 
bedload  composition,  bed  elevation,  and  bed  surface  grading.  The  test  simulations 
indicate  the  overall  correctness  of  the  approach  to  the  prediction  of  streambed 
mobility  used  in  this  study  and  demonstrate  that  the  proposed  transport  model  is 
capable  of  reproducing  long-term  behaviour  of  graded  sediment  with  acceptable 
accuracy. 
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The  further  work  on  the  numerical  simulation  of  the  behaviour  of  streambeds 
should  include  testing  of  the  new  transport  model  on  a  variety  of  independent  flume  and 
field  data  for  both  uniform  and  graded  sediments,  including  steady  and  unsteady  flow 
conditions.  The  collection  of  additional  detailed  data  may  be  needed  before  further 
testing  can  be  made.  A  comprehensive  sensitivity  analysis  of  the  model  should  also  be 
undertaken  to  assess  how  the  results  of  numerical  simulations  depend  on  basic  hydraulic 
and  sediment  parameters  and  on  alternative  conceptualisations  of  sediment  sorting  and 
exchange  processes.  The  transport  model  should  be  further  developed  to  cover  a  wider 
range  of  grain  size  distributions,  including  bimodal  sediment  mixtures.  The  model 
should  also  be  extended  for  the  conditions  of  active  bedload  transport.  Some 
modification  should  also  be  made  to  take  into  account  infiltration  of  fine  sediments  into 
gravel  beds. 
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Table  A.  1  Measured  Data  for  Uniform  Sediments  (Armfield  Flume,  width  0.30  m) 
Run  Sediment  Slope  Flow  Depth  Sampling  Bedload  Transport  Intensity  Water 
No.  d  i  Q  h  Duration  Yield  I  mean  I  steady  Temp. 
(mm)  x  103  (L  s-1)  (m)  (mins)  (g)  (S-)  (S-)  (  °C) 
U  l-1  1.5  1.9  3.0  0.0355  127  8.5  3.3E-05  3.3E-05  20.0 
U1-2  1.9  3.5  0.0378  120  37.6  1.3E-04  1.1E-04  19.5 
Ul-3  1.9  3.7  0.0388  131  132.3  3.1E-04  2.6E-04  19.8 
U  l-4  1.9  4.2  0.0398  60  105.7  5.6E-04  5.6E-04  18.8 
U  l-5  1.9  4.6  0.0423  40  232.3  -  -  19.4 
Ul-6  1.9  5.8  0.0485  10  490.1  -  -  19.3 
U  l-7  1.5  4.1  1.0  0.0207  75  20.9  1.1E-04  1.1E-04  16.2 
U  l-8  4.1  1.3  0.0220  80  49.5  3.2E-04  2.8E-04  17.1 
Ul-9  4.1  1.9  0.0232  60  210.2  1.5E-03  1.5E-03  18.0 
Ul  -10  4.1  2.0  0.0246  60  424.5  -  -  15.6 
u  l-11  4.1  2.4  0.0263  60  608.5  -  -  17.7 
U  l-12  4.1  3.0  0.0285  45  998.0  -  -  17.8 
U1-13  4.1  3.5  0.0314  13  663.6  -  -  18.3 
U  l-14  1.5  6.5  -  0.0146  60  23.6  1.3E-04  1.1E-04  19.0 
U  l-15  6.5  -  0.0157  147  26.1  3.7E-05  3.7E-05  20.2 
U  l-16  6.5  -  0.0157  60  59.5  2.7E-04  2.7E-04  19.2 
U1-17  6.5  -  0.0168  85  143.6  4.6E-04  4.6E-04  19.0 
U1-18  6.5  0.9  0.0174  30  385.7  1.9E-03  1.9E-03  19.3 
U1-19  6.5  1.2  0.0196  23  498.7  -  -  19.0 
U1-20  1.5  8.3  -  0.0120  130  7.6  2.4E-05  1.2E-05  17.6 
U1-21  8.3  -  0.0123  127  17.4  5.5E-05  5.5E-05  19.2 
U  l-22  8.3  -  0.0128  60  38.3  3.7E-04  3.7E-04  18.4 
U  l-23  8.3  -  0.0132  60  167.7  8.4E-04  8.4E-04  19.4 
U  l-24  8.3  -  0.0134  60  27.6  3.6E-04  2.6E-04  18.8 
U1-25  8.3  -  0.0141  60  450.0  1.3E-03  1.3E-03  19.1 
U  l-26  8.3  -  0.0145  21  460.1  -  -  19.0 
U  l-27  8.3  -  0.0165  17  245.3  -  -  19.4 
U1-28  1.5  14.1  -  0.0065  128  5.0  1.3E-05  6.0E-06  18.8 
U  l-29  14.1  -  0.0072  20  188.4  7.4E-04  7.4E-04  19.0 
U1-30  14.1  -  0.0080  87  3.0  2.0E-05  6.0E-06  19.5 
U1-31  14.1  -  0.0088  38  399.5  -  -  15.4 
U1-32  14.1  -  0.0096  47  160.2  3.7E-04  3.7E-04  20.5 
U1-33  14.1  -  0.0110  10  587.7  -  -  16.4 
U1-34  14.1  1.3  0.0160  7  1795.6  -  -  17.8 
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Run  Sediment  Slope  Flow  Depth  Sampling  Bedload  Transport  Intensity  Water 
No.  d  i  Q  h  Duration  Yield  I  mean  I  steady  Temp. 
(mm)  x  103  (L  s)  (m)  (mins)  (g)  (S-)  (s")  (°C) 
U2-1  2.4  2.6  5.2  0.0450  60  7.5  1.2E-05  7.6E-06  17.2 
U2-2  2.6  6.0  0.0490  45  31.5  5.8E-05  5.2E-05  17.8 
U2-3  2.6  7.0  0.0524  50  69.4  9.7E-05  7.1E-05  17.4 
U2-4  2.6  8.0  0.0570  50  150.3  2.1E-04  1.7E-04  17.3 
U2-5  2.6  9.4  0.0637  15  177.7  8.0E-04  8.0E-04  17.6 
U2-6  2.6  10.5  0.0683  10  433.4  2.8E-03  2.8E-03  18.4 
U2-7  2.4  4.1  -  0.0322  8  -  -  0.0E+00  20.2 
U2-8  4.1  -  0.0373  90  4.9  1.2E-05  5.4E-06  22.7 
U2-9  4.1  -  0.0387  120  37.9  -  6.5E-05  20.2 
U2-10  4.1  -  0.0426  90  83.9  1.5E-04  5.4E-05  21.5 
U2-11  4.1  -  0.0428  123  573.2  1.8E-03  1.8E-03  23.5 
U2-12  4.1  -  0.0450  122  179.2  -  -  24.3 
U2-13  4.1  -  0.0460  65  765.6  1.5E-03  1.513-03  23.4 
U2-14  4.1  -  0.0465  60  519.9  8.3E-04  8.3E-04  23 
U2-15  4.1  -  0.0492  30  1075  3.8E-03  3.8E-03  23 
U2-16  4.1  -  0.0530  60  889.8  1.9E-03  1.9E-03  23 
U2-17  4.1  -  0.0572  18  1636.5  1.9E-02  1.9E-02  23.2 
U2-18  4.1  -  0.0625  15  1186.9  9.0E-03  9.0E-03  23.2 
U2-19  4.1  -  0.0660  7  2014.4  3.3E-02  3.3E-02  22.7 
U2-20  2.4  6.5  -  0.0243  60  3.0  1.4E-05  5.4E-06  22.5 
U2-21  6.5  -  0.0272  60  4.3  2.3E-05  7.7E-06  22.8 
U2-22  6.5  -  0.0282  60  10.3  4.7E-05  2.4E-05  22.5 
U2-23  6.5  -  0.0290  90  49.9  1.7E-04  1.1E-04  21.8 
U2-24  6.5  -  0.0298  60  31.1  1.0E-04  8.1E-05  22.8 
U2-25  6.5  -  0.0305  91  425.5  5.7E-04  4.4E-04  22.3 
U2-26  6.5  -  0.0320  60  670.4  1.6E-03  1.6E-03  22.5 
U2-27  6.5  -  0.0330  60  1064.8  1.413-03  1.413-03  22.5 
U2-28  6.5  -  0.0354  15  1531.3  1.5E-02  1.5E-02  24.0 
U2-29  6.5  -  0.0395  11  2268.6  3.0E-02  3.0E-02  23.3 
U2-30  6.5  -  0.0424  5  2333.4  6.9E-02  6.9E-02  23.8 
U2-31  2.4  8.3  -  0.0210  60  6.5  1.4E-05  5.4E-06  23.2 
U2-32  8.3  -  0.0225  60  11.1  4.1E-05  8.0E-06  23.1 
U2-33  8.3  -  0.0230  60  37.0  6.5E-05  2.7E-05  21.7 
U2-34  8.3  -  0.0243  60  91.8  2.6E-04  2.2E-04  22.5 
U2-35  8.3  -  0.0257  60  369.8  4.9E-04  4.1E-04  22.7 
U2-36  8.3  -  0.0276  30  1374.8  9.0E-03  9.0E-03  22.5 
U2-37  8.3  -  0.0305  10  1370.3  2.0E-02  2.0E-02  24.1 
U2-38  8.3  -  0.0330  6  1992.4  6.8E-02  6.8E-02  24.0 
U2-39  8.3  -  0.0355  6  1819.5  5.6E-02  5.6E-02  22.7 
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Run  Sediment  Slope  Flow  Depth  Sampling  Bedload  Transport  Intensity  Water 
No.  d  i  Q  h  Duration  Yield  I  mean  I  steady  Temp. 
(mm)  x  103  (L  s-')  (m)  (mins)  (g)  (s-I)  (s')  (°C) 
U2-40  2.4  8.3  -  0.0380  5  2144.8  6.1E-02  6.1E-02  24.4 
U2-41  2.4  14.1  -  0.0137  65  2.5  5.0E-06  2.0E-06  20.2 
U2-42  14.1  -  0.0142  60  59.7  5.2E-05  5.0E-05  20.6 
U2-43  14.1  -  0.0146  64  28.5  5.4E-05  3.5E-05  19.4 
U2-44  14.1  0.3  0.0154  40  281.4  3.3E-04  3.3E-04  20.5 
U2-45  14.1  0.8  0.0160  30  185.5  6.0E-04  6.0E-04  20.8 
U2-46  14.1  1.0  0.0167  20.33  540.9  4.8E-03  4.8E-03  19.5 
U2-47  14.1  1.4  0.0175  13  674.2  1.1E-02  1.1E-02  20.7 
U248  14.1  2.0  0.0187  7  1071.0  2.3E-02  2.3E-02  20.2 
U3-1  3.4  1.9  15.0  0.0951  60  32.5  2.8E-05  2.3E-05  19.0 
U3-2  1.9  18.2  0.1039  60  50.6  4.7E-05  3.9E-05  18.5 
U3-3  1.9  21.5  0.1172  48  58.3  6.7E-05  6.2E-05  18.8 
U3-4  1.9  24.8  0.1272  47  84.0  9.9E-05  9.9E-05  20.2 
U3-5  1.9  26.3  0.1350  30  261.8  5.0E-04  4.3E-04  20.4 
U3-6  3.4  2.6  14.5  0.0845  55  43.4  3.5E-05  2.8E-05  18.6 
U3-7  2.6  15.8  0.0892  65  118.2  9.9E-05  6.2E-05  19.1 
U3-8  2.6  18.1  0.0963  55  134.2  1.1E-04  1.0E-04  20.0 
U3-9  2.6  20.7  0.1052  42  108.3  1.5E-04  8.8E-05  19.7 
U3-10  2.6  23.8  0.1157  25  194.4  3.8E-04  3.8E-04  19.6 
U3-11  2.6  28.7  0.1269  11  398.8  1.3E-03  1.3E-03  19.6 
U3-12  3.4  4.1  8.5  0.0595  60  12.6  2.1E-05  1.5E-05  15.5 
U3-13  4.1  9.2  0.0626  60  17.1  2.6E-05  1.4E-05  16.0 
U3-14  4.1  10.2  0.0655  61  46.2  4.8E-05  3.3E-05  18.5 
U3-15  4.1  10.8  0.0684  65  43.3  3.9E-05  2.3E-05  19.1 
U3-16  4.1  11.9  0.0722  60  70.8  8.8E-05  6.0E-05  20.0 
U3-17  4.1  13.7  0.0782  60  123.7  1.1E-04  7.3E-05  20.8 
U3-18  4.1  14.5  0.0810  40  155.1  1.8E-04  1.8E-04  18.5 
U3-19  4.1  15.8  0.0838  30  315.7  3.8E-04  3.3E-04  19.5 
U3-20  4.1  16.4  0.0858  20  169.2  4.3E-04  3.9E-04  19.8 
U3-21  4.1  18.8  0.0885  4  414.1  6.0E-03  6.0E-03  19.6 
U3-22  4.1  17.8  0.0892  6.5  127.8  9.0E-04  9.0E-04  20.1 
U3-23  3.4  6.5  5.4  0.0412  65  16.3  1.7E-05  1.4E-05  20.9 
U3-24  6.5  6.7  0.0450  60  33.0  3.9E-05  3.2E-05  20.1 
U3-25  6.5  7.5  0.0480  70  140.1  9.6E-05  6.4E-05  21.1 
U3-26  6.5  8.0  0.0503  60  144.8  1.7E-04  1.3E-04  21.8 
U3-27  6.5  8.6  0.0521  40  202.3  2.2E-04  2.0E-04  21.7 
U3-281  1  6.5  9.4  0.0540  25  335.3  6.5E-04  6.5E-04  21.4 
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Run  Sedimen  t  Slope  Flow  Depth  Sampling  Bedload  Transport  Intensity  Water 
No.  d  i  Q  h  Duration  Yield  I  mean  I  steady  Temp. 
(mm)  x  103  (L  s  1)  (m)  (mins)  (g)  (s-1)  (S-1  )  (°C) 
U3-29  3.4  6.5  9.8  0.0557  17  331.5  1.0E-03  1.0E-03  21.8 
U3-30  6.5  10.2  0.0572  10  427.1  1.6E-03  1.6E-03  20.9 
U3-31  6.5  10.8  0.0582  6  614.9  5.0E-03  5.0E-03  21.5 
U3-32  3.4  8.3  4.2  0.0330  61  12.2  9.4E-06  5.9E-06  21.4 
U3-33  8.3  5.1  0.0355  60  32.4  3.8E-05  2.5E-05  20.8 
U3-34  8.3  5.6  0.0386  63  106.5  9.3E-05  6.5E-05  20.3 
U3-35  8.3  6.0  0.0397  60  180.2  1.3E-04  9.7E-05  20.0 
U3-36  8.3  6.3  0.0412  60  200.8  2.1E-04  1.6E-04  21.0 
U3-37  8.3  7.0  0.0424  15  353.3  8.1E-04  7.4E-04  20.7 
U3-38  8.3  7.9  0.0461  8  733.4  2.7E-03  2.7E-03  20.2 
U3-39  8.3  8.8  0.0500  6  639.6  5.7E-03  5.7E-03  21.5 
U3-40  3.4  14.1  2.4  0.0226  76  14.8  8.7E-06  1.3E-06  20.6 
U3-41  14.1  3.0  0.0240  60  27.4  2.7E-05  2.1E-05  22.0 
U3-42  14.1  3.4  0.0250  60  125.9  8.8E-05  6.7E-05  21.1 
U3-43  14.1  3.6  0.0264  62  231.4  1.7E-04  1.1E-04  20.6 
U3-44  14.1  4.1  0.0273  30  378.6  6.4E-04  5.7E-04  20.6 
U3-45  14.1  4.4  0.0296  15  374.5  1.9E-03  1.9E-03  21.0 
U3-46  14.1  4.9  0.0310  8  691.3  2.9E-03  2.9E-03  20.6 
U3-47  3.4  23.8  -  0.0127  60  7.6  1.1E-05  1.1E-05  18.6 
U3-48  23.8  0.8  0.0141  55  28.7  4.1E-05  2.5E-05  18.1 
U3-49  23.8  0.7  0.0144  41  59.2  9.9E-05  9.9E-05  18.5 
U3-50  23.8  1.0  0.0153  62  230.0  2.4E-04  1.6E-04  18.6 
U3-51  23.8  1.5  0.0163  14  241.1  1.0E-03  1.0E-03  17.0 
U3-52  23.8  1.8  0.0186  10  758.9  3.8E-03  3.8E-03  18.3 
U4-1  4.5  2.6  21.0  0.1142  45  5.2  8.0E-06  8.0E-06  18.4 
U4-2  2.6  24.5  0.1178  45  27.4  3.3E-05  3.0E-05  18.7 
U4-3  2.6  29.3  0.1360  40  179.6  2.0E-04  1.8E-04  16.6 
U4-4  2.6  29.3  0.1360  46  38.3  6.5E-05  5.0E-05  18.3 
U4-5  4.5  4.1  15.0  0.0825  60  25.9  1.8E-05  1.1E-05  21.0 
U4-6  4.1  19.2  0.0940  60.2  237.6  1.3E-04  9.2E-05  18.3 
U4-7  4.1  23.1  0.1085  68  222.5  9.8E-05  6.3E-05  19.8 
U4-8  4.1  29.0  0.1223  33  391.3  5.3E-04  4.2E-04  19.0 
U4-9  4.5  6.5  10.2  0.0605  67  66.9  4.2E-05  1.4E-05  19.8 
U4-10  6.5  11.2  0.0633  60  168.8  8.3E-05  7.1E-05  21.1 
U4-11  6.5  -  0.0657  63.5  347.0  1.8E-04  1.3E-04  20.2 
U4-12  6.5  13.3  0.0681  60  334.2  2.3E-04  1.7E-04  21.7 
Appendix  A  241 Table  A.  1  (continued) 
Run  Sediment  Slope  Flow  Depth  Sampling  Bedload  Transport  Intensity  Water 
No.  d  i  Q  h  Duration  Yield  I  mean  I  steady  Temp. 
(mm)  x  103  (L  s')  (m)  (mins)  (g)  (s-')  (s'1)  (°C) 
U4-13  4.5  6.5  14.7  0.0714  22  411.2  5.7E-04  5.7E-04  21.0 
U4-14  6.5  15.8  0.0728  16  505.2  9.9E-04  9.9E-04  21.1 
U4-15  6.5  18.6  0.0780  4  838.3  7.0E-03  7.0E-03  21.6 
U4-16  4.5  8.3  7.7  0.0469  66  106.4  6.2E-05  3.0E-05  19.4 
U4-17  8.3  8.4  0.0500  65  129.6  1.0E-04  6.8E-05  21.7 
U4-18  8.3  9.8  0.0538  51  252.0  1.7E-04  1.5E-04  22.5 
U4-19  8.3  10.5  0.0554  26  402.6  6.8E-04  5.7E-04  20.4 
U4-20  8.3  11.0  0.0572  21  520.3  8.2E-04  6.7E-04  19.8 
U4-21  8.3  11.6  0.0590  11  404.7  1.6E-03  1.3E-03  20.3 
U4-22  8.3  12.4  0.0600  6  528.8  3.6E-03  3.6E-03  20.6 
U4-23  4.5  11.5  5.6  0.0355  60  83.5  5.8E-05  3.4E-05  21.7 
U4-24  11.5  6.0  0.0370  61  133.3  7.6E-05  7.1E-05  21.3 
U4-25  11.5  6.3  0.0382  63  279.6  2.4E-04  1.6E-04  22.1 
U4-26  11.5  7.0  0.0410  30  405.2  5.9E-04  5.0E-04  22.0 
U4-27  11.5  7.3  0.0418  32  352.5  7,4E-04  4.8E-04  21.5 
U4-28  11.5  8.0  0.0437  8  472.5  2.1E-03  2.1E-03  21.9 
U4-29  4.5  14.1  4.3  0.0295  60  16.7  2.6E-05  2.5E-05  16.5 
U4-30  14.1  4.9  0.0304  24  40.7  1.4E-04  7.0E-05  20.2 
U4-31  14.1  5.2  0.0318  62  160.2  2.0E-04  1.7E-04  18.1 
U4-32  14.1  5.6  0.0335  50  385.1  4.9E-04  3.3E-04  18.7 
U4-33  14.1  6.0  0.0344  23  379.7  1.2E-03  9.8E-04  17.2 
U4-34  14.1  6.5  0.0363  17  549.5  1.6E-03  1.6E-03  19.1 
U4-35  4.5  28.7  0.9  0.0168  46  20.0  2.8E-05  1.3E-05  16.6 
U4-36  28.7  1.2  0.0177  55  89.8  9.3E-05  8.6E-05  16.2 
U4-37  28.7  1.6  0.0180  30  256.8  5.3E-04  5.3E-04  16.9 
U4-38  28.7  1.8  0.0189  11  318.1  1.3E-03  1.3E-03  17.0 
U4-39  28.7  2.8  0.0218  6  1225.3  6.7E-03  6.7E-03  16.8 
U5-1  5.65  4.1  20.7  0.1015  60  13.0  1.4E-05  1.1E-05  22.7 
U5-2  4.1  24.4  0.1123  60  115.5  7.7E-05  6.8E-05  21.5 
U5-3  4.1  26.6  0.1218  60  109.4  1.8E-04  6.3E-05  22.7 
U5-4  4.1  29.0  0.1240  60  53.0  3.1E-05  2.7E-05  23.8 
U5-5  5.65  6.5  11.2  0.0660  60  26.7  2.9E-05  1.3E-05  17.7 
U5-6  6.5  13.1  0.0690  60  52.9  5.6E-05  2.0E-05  19.2 
U5-7  6.5  13.3  0.0717  60  69.4  6.7E-05  4.1E-05  22.6 
U5-8  6.5  15.0  0.0740  30  103.8  1.2E-04  8.7E-05  21.2 
U5-9  6.5  17.6  0.0805  60  360.0  1.5E-04  1.2E-04  17.2 
Appendix  A  242 Table  A.  1  (continued) 
Run  Sediment  Slope  Flow  Depth  Sampling  Bedload  Transport  Intensity  Water 
No.  d  !  Q  h  Duration  Yield  I  mean  I  steady  Temp. 
(mm)  x  103  (L  s)  (m)  (mins)  (g)  (S-1  )  (S-1  )  (°C) 
U5-10  5.65  6.5  19.1  0.0850  43  518.7  2.8E-04  2.4E-04  20.1 
U5-11  6.5  21.0  0.0892  20  421.9  5.6E-04  3.3E-04  20.5 
U5-12  6.5  24.5  0.0944  21  1449.5  1.5E-03  1.3E-03  20.3 
U5-13  5.65  8.3  7.8  0.0516  24  -  1.7E-05  0.0E+00  21.2 
U5-14  8.3  9.6  0.0560  60  38.5  4.1E-05  2.7E-05  21.5 
U5-15  8.3  11.2  0.0601  60  135.8  5.0E-05  3.4E-05  22.1 
U5-16  8.3  12.2  0.0620  60  254.2  1.2E-04  9.3E-05  21.8 
U5-17  8.3  13.0  0.0650  60  318.6  1.3E-04  9.3E-05  22.2 
U5-18  8.3  14.3  0.0685  30  530.8  4.1E-04  3.6E-04  21.2 
U5-19  8.3  15.0  0.0697  20  475.8  5.1E-04  4.4E-04  22.6 
U5-20  8.3  16.1  0.0724  15  848.1  1.1E-03  8.7E-04  21.9 
U5-21  5.65  11.5  6.6  0.0430  60  18.9  1.2E-05  6.7E-06  21.7 
U5-22  11.5  7.2  0.0446  60  24.1  1.5E-05  1.3E-05  21.6 
U5-23  11.5  8.0  0.0465  60  146.0  5.9E-05  4.3E-05  20.3 
U5-24  11.5  8.5  0.0475  60  191.7  1.0E-04  8.0E-05  21.4 
U5-25  11.5  8.8  0.0497  60  276.1  1.3E-04  1.2E-04  22.3 
U5-26  11.5  9.7  0.0515  60  414.2  2.1E-04  1.7E-04  22.5 
U5-27  11.5  10.4  0.0530  30  673.8  4.7E-04  4.5E-04  22.5 
U5-28  11.5  11.1  0.0548  30  590.5  6.1E-04  4.0E-04  22.2 
U5-29  11.5  12.2  0.0565  12  1001.9  1.8E-03  1.8E-03  21.7 
U5-30  5.65  14.1  5.9  0.0380  60  28.0  1.4E-05  8.7E-06  22.5 
U5-31  14.1  6.2  0.0403  60  46.0  1.3E-05  4.7E-06  22.6 
U5-32  14.1  6.5  0.0415  60  92.9  3.5E-05  1.4E-05  23.0 
U5-33  14.1  7.4  0.0429  60  156.2  9.0E-05  9.0E-05  22.8 
U5-34  14.1  8.0  0.0442  30  455.6  4.5E-04  4.5E-04  23.1 
U5-35  14.1  8.1  0.0460  30  292.6  3.0E-04  2.0E-04  22.7 
U5-36  14.1  8.4  0.0465  20  450.7  5.5E-04  5.5E-04  22.7 
U5-37  14.1  9.1  0.0477  15  691.2  1.5E-03  1.5E-03  22.2 
U5-38  5.65  15.7  5.0  0.0333  60  37.9  2.1E-05  1.3E-05  22.4 
U5-39  15.7  5.1  0.0346  60  24.4  1.5E-05  1.4E-05  22.2 
U5-40  15.7  5.4  0.0363  60  16.2  1.1E-05  7.3E-06  22.6 
U5-41  15.7  5.6  0.0374  60  21.4  1.8E-05  1.3E-05  22.8 
U5-42  15.7  6.6  0.0390  60  278.4  1.5E-04  8.0E-05  22.6 
U5-43  15.7  6.9  0.0400  60  387.6  1.5E-04  1.5E-04  23.0 
U5-44  15.7  7.2  0.0410  33  260.2  2.5E-04  2.5E-04  22.6 
U5-45  15.7  7.8  0.0420  14  635.5  1.1E-03  1.1E-03  23.3 
U5-46  15.7  8.1  0.0427  9  528.8  1.6E-03  1.5E-03  22.6 
Appendix  A  243 Table  A.  1  (continued) 
Run  Sediment  Slope  Flow  Depth  Sampling  Bedload  Transport  Intensity  Water 
No.  d  i  Q  h  Duration  Yield  I  mean  I  steady  Temp. 
(mm)  x  103  (L  s-1)  (m)  (mins)  (g)  (s"1)  (s-1)  (°C) 
U6-1  7.15  4.1  28.0  0.1207  60  43.0  9.0E-06  1.0E-06  16.6 
U6-2  7.15  6.5  22.4  0.0920  56  61.0  1.2E-05  9.2E-06  21.5 
U6-3  6.5  -  0.0960  65  181.2  3.3E-05  1.7E-05  18.4 
U6-4  6.5  26.2  0.0995  55  413.4  6.7E-05  3.4E-05  20.0 
U6-5  6.5  26.8  0.1026  35  484.9  1.3E-04  1.1E-04  22.4 
U6-6  6.5  28.0  0.1060  25  832.1  2.9E-04  2.9E-04  19.7 
U6-7  7.15  8.3  16.0  0.0710  65  96.7  1.6E-05  4.8E-06  21.5 
U6-8  8.3  18.7  0.0778  55  104.4  3.4E-05  2.7E-05  20.6 
U6-9  8.3  21.0  0.0820  65  765.2  1.3E-04  9.1E-05  21.0 
U6-10  8.3  23.1  0.0866  66  929.3  1.5E-04  1.3E-04  21.8 
U6-11  8.3  25.2  0.0918  47  1221.1  3.3E-04  2.9E-04  22.4 
U6-12  8.3  26.2  0.0961  21  1177.8  7.0E-04  5.0E-04  22.3 
U6-13  8.3  28.0  0.1046  20  949.3  7.8E-04  5.5E-04  21.4 
U6-14  7.15  11.5  10.8  0.0535  40  39.0  7.2E-06  7.2E-06  21.4 
U6-15  11.5  11.9  0.0561  65  249.3  4.2E-05  2.5E-05  21.6 
U6-16  11.5  13.0  0.0601  57  197.9  4.7E-05  2.4E-05  22.0 
U6-17  11.5  13.5  0.0613  60  480.7  1.1E-04  7.7E-05  22.2 
U6-18  11.5  14.2  0.0637  46  753.3  1.9E-04  1.7E-04  21.4 
U6-19  11.5  15.4  0.0670  30  1087.4  5.6E-04  5.1E-04  20.8 
U6-20  11.5  17.5  0.0723  13  999.6  1.1E-03  9.4E-04  21.9 
U6-21  11.5  21.3  0.0766  3  1683.7  9.0E-03  9.0E-03  21.9 
U6-22  7.15  14.1  10.0  0.0499  55  257.3  8.4E-05  5.4E-05  21.4 
U6-23  14.1  8.6  0.0471  57  50.2  1.0E-05  3.0E-06  22.3 
U6-24  14.1  9.8  0.0485  65  337.3  6.8E-05  4.5E-05  21.4 
U6-25  14.1  11.2  0.0514  35  404.6  1.5E-04  1.4E-04  22.4 
U6-26  14.1  11.6  0.0518  25  1036.9  4.7E-04  3.9E-04  20.7 
U6-27  14.1  12.5  0.0557  17  1050.9  8.8E-04  7.3E-04  20.9 
U6-28  14.1  13.2  0.0578  11  1077.9  1.3E-03  1.3E-03  21.0 
U6-29  14.1  14.3  0.0595  6  1274.9  2.7E-03  2.7E-03  21.8 
U6-30  7.15  23.8  4.7  0.0290  55  142.1  2.8E-05  3.2E-06  19.4 
U6-31  23.8  5.1  0.0311  66  273.7  4.5E-05  1.4E-05  19.2 
U6-32  23.8  5.6  0.0321  50  466.9  1.4E-04  1.3E-04  18.6 
U6-33  23.8  6.2  0.0338  42  1198.0  4.4E-04  2.8E-04  20.3 
U6-34  23.8  7.2  0.0349  21  882.2  8.8E-04  8.0E-04  19.8 
U6-351  1  23.8  7.7  0.0375  5.5  1305.5  4.3E-03  4.3E-03  17.8 
Appendix  A  244 Table  A.  1  (continued) 
Run  Sediment  Slope  Flow  Depth  Sampling  Bedload  Trans  ort  Intensity  Water 
No.  d  i  Q  h  Duration  Yield  I  mean  I  steady  Temp. 
(mm)  x  103  (L  s-1)  (m)  (mins)  (g)  (S-1  )  (s-')  (°C) 
U7-1  9.0  6.5  28.0  0.1140  60  52.4  1.9E-05  1.9E-05  18.9 
U7-2  9.0  8.3  21.0  0.0910  60  65.0  1.5E-05  1.1E-05  20.6 
U7-3  8.3  23.8  0.0975  60  92.0  2.0E-05  2.0E-05  21.9 
U7-4  8.3  29.0  0.1040  60  195.0  5.6E-05  3.7E-05  22.0 
U7-5  9.0  11.5  12.2  0.0650  60  31.6  1.3E-05  1.0E-05  22.8 
U7-6  11.5  13.5  0.0677  60  75.3  1.5E-05  1.1E-05  23.4 
U7-7  11.5  14.4  0.0695  60  132.8  2.9E-05  1.4E-05  22.3 
U7-8  11.5  15.8  0.0720  60  97.4  3.1E-05  1.9E-05  23.2 
U7-9  11.5  17.2  0.0740  60  287.7  8.7E-05  3.1E-05  23.2 
U7-10  11.5  18.6  0.0765  60  307.8  1.2E-04  7.3E-05  23.8 
U7-11  11.5  19.8  0.0795  20  669.4  3.7E-04  2.6E-04  23.2 
U7-12  11.5  22.0  0.0825  20  472.2  2.7E-04  2.7E-04  24.3 
U7-13  11.5  24.8  0.0860  8  580.2  9.3E-04  9.3E-04  23.8 
U7-14  9.0  14.1  10.8  0.0580  60  45.4  2.1E-05  1.6E-05  23.8 
U7-15  14.1  12.2  0.0600  60  196.9  3.7E-05  2.6E-05  22.7 
U7-16  14.1  13.3  0.0623  60  236.0  3.9E-05  2.9E-05  23.8 
U7-17  14.1  14.5  0.0640  60  221.7  7.1E-05  4.3E-05  22.3 
U7-18  14.1  15.0  0.0658  40.3  644.7  2.7E-04  9.0E-05  24.0 
U7-19  14.1  16.1  0.0675  25  453.9  2.7E-04  1.8E-04  22.7 
U7-20  14.1  18.2  0.0705  15  626.6  6.7E-04  6.7E-04  22.7 
U7-21  14.1  21.0  0.0745  4.5  1082.6  3.7E-03  3.7E-03  23.7 
U7-22  9.0  15.7  9.8  0.0506  60  58.7  1.8E-05  1.3E-05  21.9 
U7-23  15.7  11.4  0.0547  60  81.3  4.3E-05  3.4E-05  22.1 
U7-24  15.7  12.4  0.0555  60  317.4  8.4E-05  5.4E-05  21.6 
U7-25  15.7  13.0  0.0577  60  281.2  7.0E-05  2.6E-05  21.8 
U7-26  15.7  13.2  0.0595  60  155.9  5.4E-05  4.8E-05  21.8 
U7-27  15.7  14.0  0.0613  60  417.3  9.6E-05  7.6E-05  22.1 
U7-28  15.7  15.8  0.0625  15  580.1  6.5E-04  6.5E-04  22.7 
U7-29  15.7  15.6  0.0628  17  581.2  3.6E-04  2.9E-04  21.8 
U7-30  15.7  16.4  0.0643  13  513.0  8.1E-04  7.2E-04  22.6 
U7-31  15.7  17.2  0.0645  6  685.5  1.1E-03  1.1E-03  22.9 
U8-1  12.0  11.5  16.7  0.0732  60  37.9  1.1E-05  3.0E-06  13.3 
U8-2  11.5  20.0  0.0818  60  109.1  1.5E-05  1.0E-05  16.0 
U8-3  11.5  24.5  0.0918  50  110.9  2.1E-05  2.1E-05  17.2 
U8-4  11.5  29.0  0.1002  60  421.3  4.6E-05  4.6E-05  18.7 
U8-5  11.5  28.0  0.1005  55  1241.8  2.1E-04  1.3E-04  19.1 
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Run  Sediment  Slope  Flow  Depth  Samplin  Bedload  Transpor  t  Intensity  Water 
No.  d  i  Qh  Duration  Yield  I  mean  I  steady  Temp. 
(mm)  x  103  (L  s-1)  (m)  (rains)  (g)  (s-1  )  (s-')  (°C) 
U8-6  12.0  14.1  21.0  0.0788  60  403.9  5.7E-05  4.2E-05  21.4 
U8-7  14.1  22.0  0.0830  60  237.8  5.2E-05  2.2E-05  19.4 
U8-8  14.1  24.6  0.0837  60  770.7  1.2E-04  6.2E-05  20.8 
U8-9  14.1  25.4  0.0860  57  837.0  1.9E-04  1.8E-04  22.2 
U8-10  14.1  26.6  0.0890  23  1090.2  4.2E-04  4.2E-04  22.1 
U8-11  14.1  29.0  0.0900  18  896.4  6.0E-04  3.2E-04  22.6 
U8-12  14.1  29.0  0.0950  19  890.9  3.0E-04  3.0E-04  20.4 
U8-13  12.0  17.8  14.3  0.0623  35  29.0  1.6E-05  1.6E-05  20.3 
U8-14  17.8  15.3  0.0630  60  357.8  5.7E-05  3.2E-05  20.8 
U8-15  17.8  16.3  0.0658  35  255.6  5.3E-05  5.3E-05  21.3 
U8-16  17.8  17.8  0.0672  55  955.2  1.6E-04  8.8E-05  21.2 
U8-17  17.8  19.2  0.0693  13  1440.4  1.9E-03  1.1E-03  21.0 
U8-18  17.8  18.8  0.0715  21  614.2  3.4E-04  3.4E-04  22.1 
U8-19  17.8  21.7  0.0735  6  1560.5  1.8E-03  1.8E-03  21.4 
U8-20  17.8  20.0  0.0741  17  1278.7  1.2E-03  1.0E-03  21.4 
U8-21  12.0  28.7  7.8  0.0428  60  305.9  6.1E-05  1.4E-05  21.6 
U8-22  28.7  10.2  0.0442  27  1454.2  5.1E-04  4.4E-04  20.6 
U8-23  28.7  9.1  0.0446  62  868.8  2.5E-04  9.7E-05  21.4 
U8-24  28.7  8.4  0.0448  46  76.4  2.5E-05  8.0E-06  22.5 
U8-25  28.7  9.5  0.0479  40  902.3  2.2E-04  1.8E-04  22.6 
U8-26  28.7  11.9  0.0515  6  1782.2  3.7E-03  3.7E-03  23.0 
U8-27  28.7  13.0  0.0545  5  1673.8  6.7E-03  6.7E-03  23.1 
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Table  B.  1  Measured  Data  for  Graded  Sediments  (Armfield  Flume,  width  0.30  m) 
Run 
No. 
Sediment 
Mixture 
Slope 
J 
x  103 
Flow 
Q 
(L  s-1) 
Depth 
h 
(m) 
Sampling 
Duration 
(mins) 
Bedload 
Yield 
(g) 
Water 
Temp. 
(°C) 
N1-1  N-1  4.1  21.5  0.1011  75  112.1  21.0 
NI-2  4.1  25.1  0.1110  60  203.6  16.6 
NI-3  4.1  26.0  0.1176  60  266.1  18.6 
N1-4  4.1  30.4  0.1191  45  573.9  22.2 
NI-5  N-1  6.5  11.2  0.0610  60  128.2  20.2 
N1-6  6.5  12.7  0.0643  60  717.9  18.8 
N1-7  6.5  -  0.0692  30  538.0  20.6 
N1-8  6.5  16.4  0.0758  10  823.5  14.6 
N1-9  6.5  18.1  0.0805  6  986.5  16.3 
N1-10  N-1  8.3  9.0  0.0502  60  155.9  19.5 
NI-11  8.3  9.6  0.0540  60  256.5  15.2 
N1-12  8.3  11.1  0.0567  43  393.7  16.6 
NI-13  8.3  11.4  0.0593  60  420.4  19.7 
N1-14  8.3  -  0.0596  11  703.5  16.4 
N1-15  8.3  13.2  0.0643  8  580.6  20.2 
N1-16  N-1  11.5  -  0.0374  60  149.3  18.0 
NI-17  11.5  7.0  0.0416  60  487.0  19.1 
NI-18  11.5  -  0.0404  53  244.3  19.4 
N1-19  11.5  7.7  0.0434  18  580.4  17.7 
N1-20  11.5  8.4  0.0454  11  533.4  19.0 
N1-21  11.5  9.9  0.0500  4  961.1  19.1 
NI-22  N-1  14.1  4.6  0.0322  60  128.2  20.2 
N1-23  14.1  5.5  0.0355  60  289.6  20.2 
NI-24  14.1  6.7  0.0402  30  607.9  20.4 
NI-25  14.1  6.7  0.0411  10  510.7  20.0 
NI-26  14.1  8.7  0.0428  4  925.8  20.8 
N2-1  N-2  4.1  17.3  0.0943  80  87.3  22.8 
N2-2  4.1  20.5  0.1010  70  277.1  19.9 
N2-3  4.1  24.8  0.1125  45  520.9  21.6 
N2-4  4.1  29.5  0.1214  25  602.8  21.2 
N2-5  N-2  6.5  8.5  0.0630  65  127.6  21.0 
N2-6  6.5  11.6  0.0690  60  221.3  21.2 
N2-7  6.5  14.0  0.0764  55  573.9  20.9 
N2-8  6.5  17.2  0.0823  22  538.4  21.3 
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Run 
No. 
Sediment 
Mixture 
Slope 
J 
x  103 
Flow 
Q 
(L  s') 
Depth 
h 
(m) 
Sampling 
Duration 
(mins) 
Bedload 
Yield 
(g) 
Water 
Temp. 
(°C) 
N2-9  N-2  6.5  20.5  0.0935  5  828.1  21.1 
N2-10  N-2  8.3  -  0.0508  90  91.3  21.7 
N2-11  8.3  -  0.0552  70  351.2  21.4 
N2-12  8.3  8.7  0.0624  37  499.8  22.1 
N2-13  8.3  8.5  0.0675  20  744.6  21.2 
N2-14  8.3  14.0  0.0750  4  913.9  21.4 
N2-15  N-2  14.1  -  0.0327  60  165.8  21.0 
N2-16  14.1  -  0.0370  65  169.1  21.2 
N2-17  14.1  -  , 
0.0380  40  572.1  20.8 
N2-18  14.1  -  0.0410  15  813.1  20.2 
N2-19  14.1  -  0.0480  2.5  860.8  20.3 
N3-1  N-3  4.1  14.5  0.0825  60  80.3  18.3 
N3-2  4.1  16.7  0.0918  60  122.4  20.2 
N3-3  4.1  21.0  0.1038  60  496.2  21.1 
N3-4  4.1  23.8  0.1167  27  684.6  21.2 
N3-5  4.1  29.2  0.1280  15  628.3  20.2 
N3-6  N-3  6.5  7.7  0.0621  68  144.9  21.7 
N3-7  6.5  9.4  0.0674  55  265.1  21.7 
N3-8  6.5  11.6  0.0717  60  400.8  22.2 
N3-9  6.5  15.6  0.0804  11  569.8  21.3 
N3-10  6.5  19.0  0.0850  4  834.2  23.0 
N3-11  N-3  8.3  -  0.0485  60  167.7  21.6 
N3-12  8.3  -  0.0527  65  33.1  21.0 
N3-13  8.3  7.0  0.0530  43  540.2  21.6 
N3-14  8.3  9.8  0.0585  28  804.7  20.0 
N3-15  8.3  8.8  0.0628  51  465.7  21.8 
N3-16  8.3  16.1  0.0766  2.5  1199.4  21.5 
N3-17  N-3  14.1  -  0.0258  100  27.7  21.5 
N3-18  14.1  -  0.0292  20  440.9  20.8 
N3-19  14.1  -  0.0310  60  92.3  22.0 
N3-20  14.1  -  0.0345  60  519.9  22.1 
N3-21  14.1  -  0.0412  5  950.2  21.4 
F-1  F  4.1  -  0.0453  75  14.6  17.9 
F-2  4.1  -  0.0500  120  9.3  21.1 
F-3  4.1  5.8  0.0564  60  147.7  22.9 
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Run 
No. 
Sediment 
Mixture 
Slope 
J 
x  103 
Flow 
Q 
(L  s-') 
Depth 
h 
(m) 
Sampling 
Duration 
(mins) 
Bedload 
Yield 
(g) 
Water 
Temp. 
(°C) 
F-4  F  4.1  7.5  0.0614  30  401.6  21.7 
F-5  4.1  11.6  0.0723  15  766.3  21.2 
F-6  4.1  15.0  0.0825  5  1025.3  21.6 
F-7  4.1  19.3  0.0914  3  785.6  21.2 
F-8  F  6.5  -  0.0379  60  25.3  23.5 
F-9  6.5  -  0.0443  60  308.1  23.6 
F-10  6.5  -  0.0481  40  557.8  23.8 
F-11  6.5  6.7  0.0543  6  781  22.5 
F-12  6.5  10.8  0.0638  3  1450  21.8 
F-13  F  8.3  -  0.0283  120  18.3  23.3 
F-14  8.3  -  0.0322  60  277.5  22.4 
F-15  8.3  -  0.0386  21  1151.2  22.6 
F-16  8.3  4.9  0.0441  4  1031.1  23.8 
F-17  8.3  9.1  0.0558  2  1686.7  23.3 
F-18  F  14.1  -  0.0151  180  12.5  23.0 
F-19  14.1  -  0.0176  70  8.9  22.6 
F-20  14.1  -  0.0186  60  276.6  22.9 
F-21  14.1  -  0.0232  14  536  22.6 
F-22  14.1  -  0.0310  3  1100.8  22.0 
C-1  C  4.1  21.0  0.1020  60  18.9  21.0 
C-2  4.1  24.8  0.1120  62  44.9  22.1 
C-3  4.1  29.0  0.1236  65  104.8  19.2 
C-4  C  6.5  20.0  0.0896  135  477.8  23.0 
C-5  6.5  21.0  0.0937  67  299.4  22.7 
C-6  6.5  25.2  0.1000  25  869.1  24.0 
C-7  6.5  26.2  0.1050  20  700.1  22.0 
C-8  6.5  30.0  0.1093  3  889.8  22.7 
C-9  C  8.3  13.6  0.0700  130  491  23.3 
C-10  8.3  16.8  0.0740  60  337.4  22.7 
C-11  8.3  17.5  0.0826  40  639.4  23.5 
C-12  8.3  21.0  0.0908  10  1133.5  22.0 
C-13  8.3  25.2  0.0929  5  998.7  24.0 
C-14  C  14.1  5.6  0.0410  70  225.1  22.4 
C-15  14.1  -  0.0452  30  973.9  22.1 
C-16  14.1  9.8  0.0506  35  619.3  22.7 
Appendix  B  249 Table  B.  1  (continued) 
Run 
No. 
Sediment 
Mixture 
Slope 
J 
x  103 
Flow 
Q 
(L  s-1) 
Depth 
h 
(m) 
Sampling 
Duration 
(mins) 
Bedload 
Yield 
(g) 
Water 
Temp. 
(°C) 
C-17  C  14.1  10.2  0.0585  4  1195.3  21.4 
C-18  14.1  15.0  0.0673  4  1223.6  21.9 
B-1  B  4.1  -  0.0557  60  47.1  18.4 
B-2  4.1  7.5  0.0654  100  62.2  21.8 
B-3  4.1  12.2  0.0757  60  225.5  21.0 
B-4  4.1  17.3  0.0900  60  332.4  22.7 
B-5  4.1  22.5  0.1015  15  672.5  23.0 
B-6  4.1  28.0  0.1102  5  726.2  20.7 
B-7  4.1  30.1  0.1238  4  581.5  22.5 
B-8  B  6.5  5.0  0.0466  60  87.2  22.3 
B-9  6.5  6.2  0.0509  90  51.8  23.2 
B-10  6.5  7.0  0.0529  60  292.9  23.1 
B-11  6.5  9.8  0.0608  20  550.8  23.4 
B-12  6.5  15.0  0.0745  11  785.5  22.8 
B-13  6.5  17.8  0.0834  5  925.0  23.5 
B-14  B  8.3  3.0  0.0388  125  137.8  23.7 
B-15  8.3  3.5  0.0417  65  137.5  23.1 
B-16  8.3  6.5  0.0472  40  578.9  22.8 
B-17  8.3  8.0  0.0519  15  1033.8  23.4 
B-18  8.3  10.5  0.0593  5  842.8  23.2 
B-19  8.3  13.5  0.0676  3  1281  24.4 
B-20  B  14.1  -  0.0232  30  530.1  22.6 
B-21  14.1  -  0.0239  56  81.2  23.6 
B-22  14.1  -  0.0291  10  893.4  22.9 
B-23  14.1  4.2  0.0368  10  967.8  22.9 
B-24  14.1  8.7  0.0471  2  1286.2  22.8 
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Run  Size  Range 
No.  1.0-2.0  2.0-2.8  2.8-4.0  4.0-5.0  5.0-6.3  6.3-8.0  8.0-10.0  10.0-14.0 
(mm)  (mm)  (mm)  (mm)  (mm)  (mm)  (mm)  (mm) 
N1-1  0.2  1.6  15.7  50.8  25.9  2.1  3.7  0.0 
N1-2  0.1  0.8  14.6  54.6  23.3  5.8  0.8  0.0 
N1-3  0.04  0.86  12.8  53.2  25.1  7.1  0.9  0.0 
N1-4  0.1  1.1  15.2  52.3  22.4  6.6  2.3  0.0 
NI-5  0.1  1.2  16.5  57.7  22.2  2.3  0.0  0.0 
N1-6  0.1  0.8  14.6  54.9  23.1  5.8  0.7  0.0 
NI-7  0.1  1.4  17.4  54.1  20.7  5.1  0.9  0.3 
N1-8  0.1  1.4  16.3  56.5  18.8  5.8  1.1  0.0 
N1-9  0.1  0.6  12.8  56.4  21.4  7.4  1.3  0.0 
N1-10  0.1  1.0  13.6  57.1  22.8  4.6  0.8  0.0 
N1-11  0.1  0.5  11.8  55.9  25.9  5.3  0.5  0.0 
N1-12  0.1  0.4  10.7  55.0  28.2  5.1  0.5  0.0 
N1-13  0.1  0.7  12.8  54.5  25.6  5.9  0.4  0.0 
N1-14  0.1  0.6  14.8  57.3  20.7  4.9  1.4  0.2 
N1-15  0.05  0.7  15.15  55.9  21.7  5.3  1.2  0.0 
N1-16  0.1  0.6  11.9  61.2  24.0  2.2  0.0  0.0 
N1-17  0.05  0.4  9.75  56.4  27.6  5.5  0.3  0.0 
N1-18  0.1  0.6  10.8  56.8  25.5  6.2  0.0  0.0 
N1-19  0.03  0.33  11.4  54.2  26.2  7.4  0.44  0.0 
N1-20  0.04  0.26  10.1  53.4  27.9  7.4  0.9  0.0 
N1-21  0.03  0.35  10.55  56.97  25.03  5.89  0.95  0.23 
N1-22  0.2  0.5  11.0  58.0  27.0  3.3  0.0  0.0 
N1-23  0.04  0.31  8.56  53.39  30.59  6.25  0.86  0.0 
N1-24  0.05  0.12  7.07  51.11  31.55  8.39  1.45  0.26 
N1-25  0.1  0.3  7.6  52.0  32.2  7.5  0.3  0.0 
NI-26  0.03  0.28  8.91  51.15  26.20  10.77  2.66  0.0 
N2-1  0.7  4.6  16.9  39.9  23.6  8.7  4.0  1.6 
N2-2  0.2  1.3  15.6  39.0  29.0  10.0  2.8  2.1 
N2-3  0.6  6.8  21.0  35.8  22.5  10.2  2.7  0.4 
N2-4  0.2  3.1  17.4  35.8  23.4  15.6  3.7  0.8 
N2-5  0.5  4.6  20.0  36.5  29.4  6.2  2.8  0.0 
N2-6  0.2  1.3  13.8  40.6  28.8  13.0  0.0  2.3 
N2-7  0.3  3.1  18.3  38.3  23.4  13.1  2.9  0.6 
N2-8  0.3  2.6  16.0  38.6  27.4  12.7  2.4  0.0 
N2-9  0.4  2.6  13.3  33.6  26.0  17.9  4.3  1.9 
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Run  Size  Range 
No.  1.0-2.0  2.0-2.8  2.8-4.0  4.0-5.0  5.0-6.3  6.3-8.0  8.0-10.0  10.0-14.0 
(mm)  (mm)  (mm)  (mm)  (mm)  (mm)  (mm)  (mm) 
N2-10  0.3  1.6  11.5  40.9  30.9  13.5  1.3  0.0 
N2-11  0.2  2.2  13.8  38.3  26.5  16.6  1.8  0.6 
N2-12  0.1  2.2  17.2  37.9  26.3  14.0  2.1  0.2 
N2-13  0.1  1.4  13.7  34.6  24.5  18.2  6.1  1.4 
N2-14  0.2  2.3  16.3  39.0  23.5  15.1  2.8  0.8 
N2-15  0.2  1.1  10.1  40.7  31.5  15.6  0.8  0.0 
N2-16  0.3  1.0  6.9  29.1  34.8  24.4  3.5  0.0 
N2-17  0.1  0.5  8.9  35.3  30.4  18.9  5.9  0.0 
N2-18  0.1  0.8  11.1  35.2  26.2  20.6  5.3  0.7 
N2-19  0.1  0.6  9.5  33.0  25.4  21.5  8.2  1.7 
N3-1  4.9  13.8  20.3  23.8  21.2  11.3  4.7  0.0 
N3-2  2.1  10.8  23.8  28.3  21.1  8.1  3.6  2.2 
N3-3  10.4  18.4  19.1  22.2  16.6  10.1  3.2  0.0 
N3-4  8.9  17.6  18.7  19.8  17.0  11.7  5.2  1.1 
N3-5  3.1  12.9  21.5  27.3  17.5  12.6  3.7  1.4 
N3-6  1.7  11.1  25.1  31.3  21.7  9.1  0.0  0.0 
N3-7  2.1  9.9  25.5  32.5  22.8  6.0  1.2  0.0 
N3-8  1.7  10.1  20.6  30.2  22.4  10.9  3.7  0.4 
N3-9  1.4  9.3  22.0  28.0  24.3  12.5  1.8  0.7 
N3-10  7.1  15.4  18.2  21.7  17.3  12.4  5.8  2.1 
N3-11  4.1  12.2  24.2  36.4  19.2  3.9  0.0  0.0 
N3-12  6.3  7.9  18.1  16.6  23.3  14.2  13.6  0.0 
N3-13  4.8  11.3  20.3  26.1  22.0  11.8  2.1  1.6 
N3-14  1.1  8.4  19.9  26.2  23.2  14.0  6.0  1.2 
N3-15  0.6  5.3  18.7  30.8  23.6  15.1  5.1  0.8 
N3-16  7.1  15.8  16.3  20.7  17.1  14.8  6.7  1.5 
N3-17  6.9  14.1  14.8  14.4  17.7  7.9  8.3  15.9  (?  ) 
N3-18  1.7  11.2  24.3  32.4  21.6  7.2  1.2  0.4 
N3-19  0.9  2.3  9.7  28.0  35.3  22.1  1.7  0.0 
N3-20  0.6  5.3  20.7  29.9  24.1  13.8  4.3  1.3 
N3-21  4.3  12.2  17.2  22.1  20.9  13.7  7.7  1.9 
F-1  32.9  32.2  21.2  8.9  4.8  0.0  0.0  0.0 
F-2  25.8  29.0  21.5  17.2  6.5  0.0  0.0  0.0 
F-3  44.0  33.8  15.6  5.5  1.1  0.0  0.0  0.0 
F-4  35.2  34.3  18.4  9.5  2.1  0.2  0.3  0.0 
F-5  32.2  30.3  19.6  12.0  4.6  0.8  0.5  0.0 
Appendix  B  252 Table  B.  2  (continued) 
Run  Size  Range 
No.  1.0-2.0  2.0-2.8  2.8-4.0  4.0-5.0  5.0-6.3  6.3-8.0  8.0-10.0  10.0-14.0 
(mm)  (mm)  (mm)  (mm)  (mm)  (mm)  (mm)  (mm) 
F-6  35.3  26.7  19.2  11.9  6.2  0.6  0.1  0.0 
F-7  17.9  25.4  24.4  18.7  10.9  1.7  0.8  0.2 
F-8  20.2  36.8  30.0  13.0  0.0  0.0  0.0  0.0 
F-9  12.8  41.7  28.5  12.8  3.5  0.7  0.0  0.0 
F-10  20.1  35.6  25.1  13.9  4.9  0.2  0.2  0.0 
F-11  28.9  31.7  21.0  12.5  5.3  0.4  0.2  0.0 
F-12  21.6  25.8  23.1  17.6  9.5  1.9  0.4  0.1 
F-13  12.6  27.3  35.0  19.1  6.0  0.0  0.0  0.0 
F-14  26.8  36.1  23.8  9.2  3.4  0.7  0.0  0.0 
F-15  21.4  32.9  24.1  14.8  6.3  0.4  0.1  0.0 
F-16  22.2  29.9  23.4  14.8  9.0  0.6  0.1  0.0 
F-17  30.8  24.8  18.5  13.0  9.0  3.3  0.4  0.2 
F-18  33.6  32.8  21.6  8.8  3.2  0.0  0.0  0.0 
F-19  20.2  23.6  31.5  19.1  5.6  0.0  0.0  0.0 
F-20  17.8  46.3  25.0  8.6  2.0  0.3  0.0  0.0 
F-21  19.8  30.1  26.3  16.5  6.8  0.5  0.0  0.0 
F-22  13.7  24.3  25.5  20.5  12.9  2.4  0.4  0.3 
C-1  0.5  0.5  3.7  17.0  25.9  36.0  16.4  0.0 
C-2  0.0  0.2  2.5  15.2  29.8  41.2  11.1  0.0 
C-3  0.2  0.3  2.6  10.6  23.5  48.6  10.3  3.9 
C-4  0.1  0.8  2.9  8.3  16.5  53.4  16.1  1.9 
C-5  0.1  0.2  2.3  8.8  20.1  48.1  17.8  2.6 
C-6  0.2  1.2  4.3  11.3  19.4  42.5  13.4  7.7 
C-7  0.06  0.14  1.8  8.4  20.4  51.0  14.0  4.2 
C-8  0.6  2.3  4.9  11.3  18.0  39.5  15.9  7.5 
C-9  0.1  0.2  1.3  8.5  17.9  49.2  16.3  6.5 
C-10  0.03  0.24  2.10  9.13  20.3  49.3  14.1  4.8 
C-11  0.1  0.8  3.9  11.9  20.5  40.7  13.3  8.8 
C-12  0.1  0.9  5.0  13.1  20.6  40.8  14.7  4.8 
C-13  0.1  0.5  2.7  9.1  18.9  43.6  15.6  9.5 
C-14  0.05  0.13  1.38  10.17  24.43  51.00  11.82  1.02 
C-15  0.1  1.0  7.2  18.1  21.7  35.6  11.7  4.6 
C-16  0.03  0.06  0.71  4.52  14.21  50.88  21.19  8.40 
C-17  0.02  0.17  2.97  13.25  20.55  41.93  13.77  7.34 
C-18  0.03  0.10  0.92  5.21  13.78  43.97  23.67  12.32 
Appendix  B  253 Table  B.  2  (continued) 
Run  Size  Range 
No.  1.0-2.0  2.0-2.8  2.8-4.0  4.0-5.0  5.0-6.3  6.3-8.0  8.0-10.0  10.0-14.0 
(mm)  (mm)  (mm)  (mm)  (mm)  (mm)  (mm)  (mm) 
B-1  15.1  42.5  24.6  11.2  6.6  0.0  0.0  0.0 
B-2  31.4  35.0  15.3  13.2  5.1  0.0  0.0  0.0 
B-3  13.6  28.5  18.1  17.0  15.1  7.7  0.0  0.0 
B-4  13.1  25.8  18.1  17.7  17.4  7.5  0.4  0.0 
B-5  22.5  24.5  13.1  12.7  12.4  13.4  1.1  0.3 
B-6  20.4  21.3  12.3  13.2  14.3  15.3  3.2  0.0 
B-7  15.7  20.1  12.7  12.5  15.1  20.5  3.1  0.3 
B-8  6.1  26.7  29.9  24.5  10.8  2.0  0.0  0.0 
B-9  14.9  20.3  15.8  26.1  19.1  3.8  0.0  0.0 
B-10  13.2  32.8  20.8  17.1  12.2  3.4  0.5  0.0 
B-11  14.3  29.4  17.7  16.3  13.1  8.4  0.8  0.0 
B-12  11.8  23.5  15.2  13.8  15.0  17.2  2.3  1.2 
B-13  7.6  21.8  16.8  14.3  16.5  19.0  2.8  1.2 
B-14  8.4  28.3  18.7  18.4  15.4  8.6  2.2  0.0 
B-15  9.9  30.2  22.4  18.6  13.8  5.1  0.0  0.0 
B-16  8.5  24.8  18.1  19.1  17.5  11.2  0.8  0.0 
B-17  13.0  27.9  18.0  15.4  15.4  9.8  0.5  0.0 
B-18  9.8  24.6  16.4  15.5  16.7  14.9  1.9  0.2 
B-19  15.7  20.1  12.3  12.6  12.5  22.5  3.4  0.9 
B-20  26.28  31.56  15.05  12.64  10.54  3.85  0.08  0.00 
B-21  5.8  22.8  19.1  20.9  23.4  8.0  0.0  0.0 
B-22  13.3  33.5  19.5  16.1  12.5  4.4  0.5  0.2 
B-23  5.0  16.6  15.5  18.1  19.9  22.1  2.2  0.6 
B-24  6.6  9.1  10.1  13.7  16.8  31.8  8.6  3.3 
Appendix  B  254 Table  B.  3  Size  Distribution  of  Final  Bed  Surface  as  Percentage  of  Total  (Armfield  Flume) 
Run  Size  Range 
No.  1.0-2.0  2.0-2.8  2.8-4.0  4.0-5.0  5.0-6.3  6.3-8.0  8.0-10.0  10.0-14.0 
(mm)  (mm)  (mm)  (mm)  (mm)  (mm)  (mm)  (mm) 
N1-1  0.4  2.4  15.7  47.7  18.6  8.9  3.4  2.9 
N1-2  0.3  2.3  15.0  48.4  18.5  9.2  3.7  2.6 
N1-3  0.3  2.4  15.3  47.6  17.3  9.5  4.3  3.3 
NI-4  0.4  2.7  15.6  47.5  18.2  8.0  4.4  3.2 
N1-5  0.5  2.7  16.3  50.8  17.7  7.4  2.4  2.2 
N1-6  0.5  3.0  16.3  49.7  18.1  8.3  3.0  1.1 
N1-7  0.6  3.1  15.6  48.8  16.0  9.1  4.4  2.4 
N1-8  0.9  3.1  15.3  47.5  17.4  8.5  4.1  3.2 
N1-9  0.7  3.1  17.6  48.3  16.4  7.7  3.0  3.2 
N1-10  0.3  1.8  13.0  44.3  20.5  11.1  4.4  4.6 
N1-11  0.5  2.5  16.7  48.1  17.9  8.7  3.7  1.9 
N1-12  0.5  2.4  14.4  47.3  19.2  10.2  3.2  2.8 
N1-13  0.3  2.2  15.4  49.1  18.0  9.5  2.6  2.9 
N1-14  0.8  3.6  17.0  49.0  16.1  8.9  2.8  1.8 
N1-15  0.6  3.0  16.9  45.8  17.1  10.3  3.0  3.3 
N1-16  0.3  2.3  14.7  51.8  18.2  7.7  2.8  2.2 
N1-17  0.8  2.7  15.9  49.4  18.1  7.5  3.7  1.9 
N1-18  0.2  1.9  14.2  48.3  21.0  9.2  3.7  1.5 
N1-19  0.4  2.7  16.6  50.0  16.7  9.3  3.3  1.0 
NI-20  0.4  2.0  15.6  45.3  18.8  11.8  4.4  1.7 
N1-21  0.4  2.6  17.6  49.2  17.0  8.5  2.5  2.2 
NI-22  1.0  3.7  17.2  50.1  16.9  7.9  2.4  0.8 
NI-23  0.2  1.5  13.5  50.9  20.3  8.7  3.8  1.1 
NI-24  0.1  0.9  11.9  47.3  19.9  12.8  4.1  3.0 
N1-25  0.3  1.7  14.6  51.5  19.6  8.1  3.1  1.1 
N1-26  0.2  2.1  15.4  51.2  17.1  8.0  3.5  2.5 
N2-1  -  -  -  -  -  -  -  - 
N2-2  0.8  4.9  15.5  28.8  17.4  16.6  8.9  7.1 
N2-3  2.7  8.1  16.6  26.9  15.9  14.3  8.1  7.4 
N2-4  2.5  7.5  16.6  26.9  15.7  15.7  8.5  6.6 
N2-5  2.4  7.7  17.3  28.5  17.4  15.1  6.4  5.2 
N2-6  1.0  4.4  15.2  29.3  17.8  16.8  9.4  6.1 
N2-7  2.3  7.2  16.3  27.0  14.7  17.9  7.5  7.1 
N2-8  2.4  7.1  17.1  27.6  16.3  15.9  6.7  6.9 
N2-9  1.6  5.8  15.9  25.1  14.9  16.8  9.8  10.1 
Appendix  B  255 Table  B.  3  (continued) 
Run  Size  Range 
No.  1.0-2.0  2.0-2.8  2.8-4.0  4.0-5.0  5.0-6.3  6.3-8.0  8.0-10.0  10.0-14.0 
(mm)  (mm)  (mm)  (mm)  (mm)  (mm)  (mm)  (mm) 
N2-10  -  -  -  -  -  -  -  - 
N2-11  1.8  6.4  17.2  27.1  16.8  17.4  8.6  4.7 
N2-12  1.7  7.0  17.3  28.6  17.4  14.7  7.6  5.7 
N2-13  2.6  7.7  17.4  28.3  15.9  15.0  7.1  6.0 
N2-14  5.2  11.2  20.1  26.5  14.7  12.6  5.2  4.5 
N2-15  0.7  3.9  15.4  30.5  20.0  16.8  7.5  5.2 
N2-16  0.4  2.0  14.7  36.0  21.6  15.3  6.5  3.5 
N2-17  0.5  2.8  15.3  31.6  19.0  18.0  8.8  4.0 
N2-18  0.6  3.9  18.9  32.4  16.8  16.2  7.0  4.2 
N2-19  0.7  4.5  17.3  30.4  16.2  16.6  8.9  5.4 
N3-1  3.9  6.9  10.3  14.5  14.1  17.7  15.4  17.2 
N3-2  9.5  12.8  14.6  16.3  13.7  13.4  11.7  8.0 
N3-3  9.2  12.4  12.5  14.6  12.3  15.4  11.3  12.3 
N3-4  9.0  11.0  12.3  13.7  12.0  16.4  13.4  12.2 
N3-5  10.6  13.9  13.3  14.1  11.9  13.5  9.1  13.6 
N3-6  8.2  12.9  14.0  15.4  12.9  15.1  11.7  9.8 
N3-7  9.1  13.7  14.0  15.0  12.7  14.1  9.7  11.7 
N3-8  7.9  12.3  13.7  15.6  12.3  13.7  11.9  12.6 
N3-9  7.9  13.4  13.8  15.0  11.7  13.8  12.4  12.0 
N3-10  13.1  14.1  14.1  14.7  11.9  14.5  8.9  8.7 
N3-11  6.9  13.3  17.3  19.2  14.5  13.9  8.2  6.7 
N3-12  3.0  6.7  11.7  17.4  16.1  18.5  11.6  15.0 
N3-13  11.2  15.7  15.0  14.6  11.3  14.5  10.6  7.1 
N3-14  9.8  14.1  13.8  14.2  11.5  15.0  9.9  11.7 
N3-15  6.3  11.6  14.6  17.5  14.2  16.5  10.5  8.8 
N3-16  10.7  14.0  15.0  15.7  12.0  13.2  8.9  10.5 
N3-17  9.0  13.4  14.8  15.9  13.8  13.8  10.0  9.3 
N3-18  8.9  14.4  14.9  15.7  13.7  15.5  10.1  6.8 
N3-19  4.8  8.3  13.7  17.6  15.2  16.4  12.2  11.8 
N3-20  8.1  13.2  14.6  15.8  12.2  13.4  11.6  11.1 
N3-21  9.7  14.9  16.2  16.3  12.4  11.7  8.5  10.3 
F-1  29.8  18.0  13.7  10.7  8.1  7.1  5.4  7.2 
F-2  29.1  18.9  15.2  11.9  8.5  7.2  5.4  3.8 
F-3  32.2  19.6  14.2  11.0  6.9  5.9  5.1  5.1 
F-4  36.9  20.3  13.8  10.3  7.0  5.5  3.2  3.0 
F-5  34.9  18.3  12.6  10.0  7.5  6.9  5.1  4.7 
Appendix  B  256 Table  B.  3  (continued) 
Run  Size  Range 
No.  1.0-2.0  2.0-2.8  2.8-4.0  4.0-5.0  5.0-6.3  6.3-8.0  8.0-10.0  10.0-14.0 
(mm)  (mm)  (mm)  (mm)  (mm)  (mm)  (mm)  (mm) 
F-6  35.9  20.4  13.4  9.8  6.8  5.9  4.0  3.8 
F-7  27.8  19.7  14.3  11.4  8.4  8.1  4.8  5.5 
F-8  32.9  20.7  14.5  11.4  7.1  5.8  4.0  3.6 
F-9  29.7  20.7  15.1  11.9  7.8  5.9  4.4  4.5 
F-10  30.9  19.3  14.4  10.7  8.6  6.4  5.1  4.6 
F-11  36.5  20.2  13.0  10.5  7.4  5.3  3.8  3.3 
F-12  37.3  19.5  13.1  9.3  7.4  5.5  3.5  4.4 
F-13  28.5  19.6  15.5  12.7  7.9  7.0  5.1  3.7 
F-14  34.3  20.0  14.1  10.3  6.7  6.1  4.7  3.8 
F-15  34.0  18.6  12.9  10.9  8.1  6.3  4.3  4.9 
F-16  33.3  21.2  13.9  10.6  7.3  6.4  4.1  3.2 
F-17  36.4  21.2  12.8  9.9  6.3  6.5  4.3  2.6 
F-18  34.0  20.2  15.0  11.2  8.1  4.2  4.7  2.6 
F-19  32.6  19.6  15.2  11.4  7.4  6.4  3.5  3.9 
F-20  36.0  20.5  13.5  10.4  6.3  6.0  4.1  3.2 
F-21  29.7  20.6  14.3  11.9  7.6  6.3  4.5  5.1 
F-22  31.4  21.1  13.7  10.6  6.9  6.0  5.9  4.4 
C-1  0.9  2.1  5.5  11.9  15.7  36.3  19.2  8.4 
C-2  0.6  1.6  4.9  10.6  17.1  33.6  19.2  12.4 
C-3  1.9  2.7  5.8  11.8  15.6  34.5  17.0  10.7 
C-4  0.9  2.3  5.8  11.6  15.7  31.2  20.9  11.6 
C-5  1.0  2.9  6.1  12.6  17.0  35.3  15.7  9.4 
C-6  2.1  4.5  7.7  13.6  15.8  30.6  16.0  9.7 
C-7  1.0  2.4  5.9  12.1  15.9  30.2  21.3  11.2 
C-8  1.8  4.2  8.1  14.9  17.5  30.7  13.2  9.6 
C-9  1.2  2.6  6.7  12.5  17.6  32.3  18.3  8.8 
C-10  0.9  2.4  6.7  12.1  14.9  31.9  18.3  12.8 
C-11  1.9  4.4  8.1  14.3  16.8  29.5  15.4  9.6 
C-12  3.2  5.5  9.3  14.3  15.6  31.3  13.9  6.9 
C-13  2.2  4.5  8.1  13.7  16.4  29.7  16.8  8.6 
C-14  0.8  2.4  6.0  13.1  17.3  34.4  16.6  9.4 
C-15  2.0  6.3  10.7  15.0  16.3  27.8  14.0  7.9 
C-16  0.04  0.42  2.63  8.95  16.15  35.72  20.99  15.10 
C-17  1.1  4.3  9.0  15.0  16.1  27.6  14.6  12.3 
C-18  0.8  1.9  5.5  14.1  18.1  32.9  15.8  10.9 
Appendix  B  257 Table  B.  3  (continued) 
Run  Size  Range 
No.  1.0-2.0  2.0-2.8  2.8-4.0  4.0-5.0  5.0-6.3  6.3-8.0  8.0-10.0  10.0-14.0 
(mm)  (mm)  (mm)  (mm)  (mm)  (mm)  (mm)  (mm) 
B-1  19.4  14.3  8.0  9.2  11.3  23.0  7.0  7.8 
B-2  21.3  14.4  8.1  8.1  10.4  22.3  8.9  6.5 
B-3  20.5  14.3  8.7  9.1  10.0  24.8  6.3  6.3 
B-4  20.5  14.3  8.4  8.4  9.0  24.8  6.9  7.7 
B-5  23.7  15.2  8.4  8.1  8.7  21.7  7.3  6.9 
B-6  22.8  14.8  7.9  7.8  9.4  22.7  7.6  7.0 
B-7  22.0  15.1  8.4  8.7  9.1  23.1  7.2  6.4 
B-8  23.1  16.1  8.6  8.8  9.6  21.0  6.6  6.2 
B-9  17.4  14.7  9.3  9.2  11.3  22.5  9.8  5.8 
B-10  18.0  13.0  8.0  8.5  10.0  24.8  9.3  8.4 
B-11  22.4  14.5  7.9  8.7  10.4  25.0  6.1  5.0 
B-12  20.6  13.7  7.8  7.8  9.0  26.2  8.2  6.7 
B-13  20.3  13.4  7.8  8.0  9.2  24.5  10.0  6.8 
B-14  14.4  11.4  8.1  9.2  11.1  28.1  9.3  8.4 
B-15  17.5  13.7  9.0  9.0  10.6  25.4  8.4  6.4 
B-16  21.4  14.8  8.2  8.8  9.4  21.8  8.6  7.0 
B-17  22.3  14.6  9.1  10.2  10.8  16.6  10.2  6.2 
B-18  19.8  13.6  7.7  7.7  8.8  29.3  6.4  6.7 
B-19  23.6  17.1  8.7  8.7  8.4  20.6  7.1  5.8 
B-20  25.6  15.1  8.1  6.5  10.1  21.3  6.3  7.0 
B-21  20.2  16.1  9.7  8.4  12.1  22.4  6.2  4.9 
B-22  24.0  16.0  8.1  6.9  10.5  21.7  6.6  6.2 
B-23  15.6  14.7  9.5  8.5  12.7  25.3  8.1  5.6 
B-24  20.7  19.0  9.8  8.1  10.8  22.0  5.8  3.8 
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Table  C.  1  Measured  Data  for  Mix  HR  (HR  Wallingford  Flume) 
Run 
No. 
Bed 
Width 
B 
(m) 
Slope 
J 
x  103 
Flow 
Q 
(L  s-1) 
Depth 
h 
(m) 
Sampling 
Duration 
(mins) 
Bedload 
Yield 
(kg) 
Water 
Temp. 
(°C) 
HR-1  0.80  4.5  19.6  0.044  immobile  bed  10 
HR-2  0.80  4.5  22.6  0.050  immobile  bed  10 
HR-3  0.80  4.5  38.6  0.077  weak  motion  of  grains  <5  mm  10 
HR-4  0.80  4.5  49.0  0.088  326  21.3  10 
HR-5  0.80  4.5  52.5  0.091  230  49.8  10 
HR-6  0.80  4.5  56.4  0.095  216  77.8  10 
HR-7  0.80  4.5  65.0  0.100  159  42.8  10 
HR-8  0.80  4.5  74.5  0.105  3  11.0  10 
HR-9  0.80  4.5  73.5  0.110  189  76.6  10 
HR-10  0.80  4.5  83.7  0.122  10.5  15.5  10 
HR-11  0.80  4.5  104.5  0.130  39  47.8  10 
HR-12  0.80  4.5  140.0  0.150  6.8  20.2  10 
Appendix  C  259 Table  C.  2  Size  Distribution  of  Bedload  as  Percentage  of  Total  (HR  Wallingford  Flume) 
Run  Size  Ra  nge 
No.  <0.25  0.25-0.36  0.36-0.5  0.5-0.71  0.71-1.0  1.0-1.4  1.4-2.0  2.0-2.8 
(mm)  (mm)  (mm)  (mm)  (mm)  (mm)  (mm)  (mm) 
HR-4  0.51  0.68  0.60  0.58  0.54  0.71  1.01  3.16 
HR-5  0.32  0.54  0.58  0.56  0.50  0.55  1.16  5.12 
HR-6  0.83  3.93  5.24  5.85  4.66  4.04  4.36  7.29 
HR-7  0.11  0.09  0.08  0.09  0.07  0.12  0.87  5.95 
HR-9  0.01  0.08  0.10  0.12  0.11  0.33  1.85  8.41 
HR-10  0.69  2.94  4.26  4.80  4.51  3.57  4.01  7.35 
HR-11  0.05  0.04  0.09  0.20  0.36  0.90  2.65  7.09 
HR-12  0.17  0.47  0.64  0.71  0.87  1.04  1.85  4.93 
Table  C.  2  (continued) 
Run  Size  Range 
No.  2.8-4.0  4.0-5.6  5.6-8.0  8.0-9.5  9.5-12.7  12.7-15.9  15.9-19.1  19.1-22.2 
(mm)  (mm)  (mm)  (mm)  (mm)  (mm)  (mm)  (mm) 
HR-4  21.88  42.35  23.07  3.12  1.16  0.63  0.00  0.00 
HR-5  27.71  38.12  19.11  1.54  2.56  0.50  1.13  0.00 
HR-6  22.23  23.46  12.88  2.42  2.17  0.64  0.00  0.00 
HR-7  33.22  38.50  17.52  1.45  1.42  0.20  0.31  0.00 
HR-9  35.12  33.57  16.01  1.82  2.01  0.21  0.25  0.00 
HR-10  23.26  24.11  11.89  1.61  3.43  1.64  0.91  1.02 
HR-11  30.02  33.58  17.06  1.94  2.93  1.99  0.37  0.73 
HR-12  27.11  35.42  18.00  2.11  3.73  1.61  0.98  0.36 
GLASGow 
Appendix  C  ý'-vºvº-.  f  sý  rr  260  L1Bk  Ry 